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A MAP FOR IMPACT INDUCED DUCTILE FAILURE

[an M. Fyfe

University of Washington, Seattle, WA 98195 U.S.A.

Because ductile failure is the nucleation, growth and coalesence of voids or microcracks,
the paper focuses on developing a failure map in which experimental data and theories
related to plastic instabilites and failure can be presented in terms of void nucleation
concepts.

For failure maps in general the choice of variables is not obvious, but depends to ki
large extent on why the map is being used in the first place. Some useful guidelines
have been presented by Ashby (1977), for use in earlier failure map construction, where
the emphasis was on creating fracture maps showing the boundaries between different
mechanisms of fracture, In the area, of high strain rate behavior Lindholm (1974), in
a review of dynamic testing methods, was inore concerned with constitutive inodel-
ing, and so used effective stress and effective strain, with each curve, designated by
a constant temperature strain rate parameter. However, void growth and spallation
strongly suggest that failure maps for impact loading should also include the mean
stress variations. The variables used in this paper are those which describe nucleation,
but also cover the high strain rate conditions associated with shear bands and spalla-
tion. A case is made for using a normalized mnean stress, effective plastic strain anid
temnperat ue.

With this choice of variables it is possible to include results from three experimetdtal
configurations. Considered are the high mean stress case associated with the plate
impact test, the intermediate condition| of simple tension, and the zero mean case
which results from the torsion configuration.

As one of the main objectives of impact testing is to determine the strain rate sensitiv-
ity of the process, and the influence of the different micromechanic mechanisms, both
dynamic and quasi-static data is used. Use is also made of models developed from
both a microscopic and a macroscopic viewpoint. Although, this paper deals mainly
with the macro-level of damage initiation as characterized by localization Sind the loss
of structural integrity.

With nucleation occujrring at second phase particles or other inclusions, the process
then depends on particle size. F,,r this reason it, has been determined tha.t nucleation
can occur almost inmmediately after yield, and can cc ,ti||ue thrughout the deforma-
tion process. However, at some stage of this deformation it has been observed that
a proliferation point is reached where the nucleation increases dramatically, and it
might be expected that this proliferation occurs wheni the macroscopic condition of
localization and necking occurs. This possibility is discussed in relation to the two
materials used in this study.

It will be shown that the Hill (1952) theory for localized necking in a thin sheet. is
quite compatible with plastic instabilities under high strain rate loading conditions,
and that the formation of instabilities is essentially independent of the mean stress. In
contrast ductile failure was found to be highly dependent on the mean stress, and the
dislocation based nucleation model of Goods and Brown (1979) was also found to Lie
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applicable under both quasi-static and the high strain rate loading conditions. These
results suggest that plastic instabilities may not be triggered by void nucleation, even
though ductile failure is in many instances dependent on this mechanism, at least in
the final phase of the failure process. These results as they apply to VAR 4340 steel
are presented in Figuri 1.
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Figure I Effective plastic strain as a function of norrmalized tensile stress
dynamic (- -O- - -) and static (--O--) loading conditions
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EXPERIMENTAL METHODS OF MATERIAL CHARACTERIZATION

J.L. LATAILLADE
Laboratoire de Moanlque Physique, Unitt de Recherche Associ'e au CNRS no 867
351 Cours do lI Ub6ration, 33405 TALENCE Cedex - France

Summary

The operating conditions - more and more severe - of the mechanical structures, as well as
the security rules being increasingly constraining - especially in nuclear industries explain the
subtantial development of the experimental research is the field of high strain rate testing. During
the fifteen past years the experimental methods and the related testing techniques for materials

becoming more and more tough and strong have received a particular attention of the researchers.
The general purpose remains, of course, the materials characterization by means of reduced scales
configurations; but a new approach - due to the introduction of microcomputer and hence of the

appearence of hybrid methods - are noticeable.
The experimental techniques based on the well known principle of the Hopkinson-Kolskybare are the most popular. Some modifications and improvements are reported in this conference.

They allow a better control of the loading paths and consequently a more appropriate modelization
of the viscoplastic behaviour of materials such as metallic alloys or a finer approach of the damage
processes of advanced materials. In order to extend the range of the strain rates people use methods
based on the stress waves propagation. The techniques allow them to generate biaxial stresses, and
the lagrangian analysis helped by high performance guages lead to a modern tool for the
constitutive relationship at very high strain rates.

On an other hand, the increasing variety of structural advanced materials (composites,
thermome.hanical, ceramics, engineering polymers), or the new requirements from the civil
engineering (concrete, rocks) have suggested new methods, made easier, owing to new

instruments for the measurements, or the observat(,3n of phenomena.
From this point of view the optical methods (laser, high speed cinematography) become

more and mz're employed, since they afford mechanical parameters of a great importance like
strains, COD, stress intensity factors, etc

Because high strain rate testing generally involves adiabatic processes it can be interesting
or necessary to measure the temperature history of sample, in order to set up a thermomechanical
approach, and to appreciate its influence on the microstructural modifications : the best example is
that one of the shear banding. Due to the very short rise times the only experimental methods is the
infrared thermography.

The advancements of the physics, microelectronics opto electronics have led to new

transducers very sensitive exhibiting very small response times some of their applications are
mentioned in this conference.



THE DEVELOPMENT OF CONSTITUTIVE RELATIONSHIPS FOR MATERIAL
BEHAVIOUR AT 11IGH RATES OF STRAIN

J. Harding
Department of Engineering Science

University of Oxford
Oxford, U.K.

ABSTRACT

The increasing use of computer codes for modelling the mechanical response
of engineering structures under impact loading has highlighted the need for
appropriate forms of constitutive relation, or mechanical equation of state,
capable of describing material behaviour over a wide range of strain rate and
temperature. Attempts to derive such relationships have varied from, at one
extreme, the purely empirical, effectively a curve fitting exercise to avail-
able experimental data for the given material to, at the other, the develop-
ment of purely theoretical expressions based on the micromechanical processes
governing plastic flow at the atomic level under the given loading condit-
ions.

Ideally these two contrasting approaches should come together in a single
constitutive relationship which both describes, with good accuracy, the
actual macroscopic behaviour of the given material and can also be related
to, and hence derived from, the physical processes which control plastic de-
"formation. However, while this ultimate goal is still some way from being
achieved it remains necessary to consider both approaches when seeking to ob-
tain the most suitable form for the constitutive relation. As a result sev-
eral semi-empirical expressions have been proposed, the functional form of
which is based on theoretical considerations but involving empirical const-
ants which cannot be related directly to precise physical processes and which
have to be determined for the particular material being studied.

The present review is mainly concerned with this semi-empirical approach.
Attempts to model material behaviour in terms of the micromechanisms of plas-
tic flow will be the concern of a subsequent review by Klepaczko while a dis-
cussion of the use of computer codes in modelling the actual impact response
of engineering structures will be the subject of the review by Corran in the
parallel session.

Experimental results for the temperature and strain-rate dependence of the
flow stress at different rates of strain are briefly reviewed for a variety
of materials. Functional relationships between the stress, the temperature
and the strain rate are presented and their theoretical basis is discussed.
The problems involved in developing a full equation of state, which includes
some measure of the extent of deformation, are considered in the light of the
frequently observed dependence of the flow stress on the previous strain rate
history and the need for some internal structure sensitive parameter is made
clear. Two attempts at defining the structural state of the material in
terms of such a parameter, either the rate-sensitivity of work-hardening
(Klepaczko and Chiem, 1986) or the mechanical threshold stress (Follansbe2 et
&1. 1985) are described and compared. In neither case, however, has an ex-
plicit functional relationship yet been developed of a form suitable for use
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in computer codes for the numerical modelling of the impact response of a
structural component.

In practice, the specific constitutive relationships which, although less
satiufactory on theoretical grounds, have been used in computer codes are, in
general, of two types - either the empirical, for example Johnson and Cook
(1983), or the semi-empirical, for example Zerilli and Armstrong (1987). The
results obtained when these two materials models are used in the computer
program EPIC2 to describe the structural response in the cylinder impact test
are compared and the differences are seen to be small. It is concluded that
in this application the numerical solution is relatively insensitive to the
details of the material model. While refinements to the Zerilli-Armstrong
model lead to a second order improvement in the agreement between the exper-
imental results and the numerical analysis the corresponding form of the con-
stitutive relation is of considerably graater complexity.

In general, therefore, the use of relatively simple semi-empirical const-
itutive relationships would seem to be adequate for the computer modelling of
many impact problems. However, in situations where the overall impact re-
sponse of the given component may be critically determined by the deformation
processes and complex internal microstructural states arising in very local-
ised regions then the details of the material model may become much more imp-
ortant. Thus in studying the critical conditions for the initiation of
adiabatic shear in aluminium and steel Klepaczko (1988) found it necessary to
use a "fully temperature coupled" form of constitutive relation which, in the
case of steel, involved a total of fifteen different material constants. In
such circumstances it might prove more profitable, it is suggested, to pursue
further the development of material models based on the concept of an inter-
nal structure sensitive parameter for which there is strong theoretical sup-
port. A further problem arises, however, if the critical condition arises
from a change in the controlling mode of deformation from, say, constant vol-
ume plasticity to the growth and coalescence of voids or the propagation of
cracks, requiring in addition to the appropriate constitutive relation also
the inclusion in the computer code of some form of failure criterion. This,
however, is outside the scope of the present review,
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Numerical Modelling of Dynamic plasticity

R.S.J. Corran

Rolls-Royce plc
berby, U.K.

This review addresses the modelling of dynamic plastic
deformation in solids. It commences with a survey of the
techniques employed in codes that are available either
commercially or in the public domain. Lagrangian, Zulerian and
Arbitrary Lagrangian Eulerian formulations are described to allow
a discussion of the different methods of problem definition and
how this influences the limitations to the modelling. it is
found that the Lagrangian formulation is most useful in problems
involving impact, since it maintains a clear distinction of
boundaries, but has the disadvantage that the discretization,
i.e. the finite element mesh or finite difference grid, may
become very distorted leading to numerical difficulties. The
Eulerian formulation avoids this problem but does not provide a
clear model of boundaries between bodies or materials. The
arbitrary Lagrangian Bulerian formulation is a method that has
not been much used for solid mechanics problems, although it
combines some of the advantages of the two methods.

Time-stepping through a solution can be achieved by either
explicit or implicit methods. Explicit methods have the
advantage that they involve no, or possibly limited, iteration
and hence proceed through each time-step at minimal computational
cost. However the length of each time-step must be kept very
small tc avoid instability in the procedure and maintain an
accurate modelling. Implicit methods may take considerably
larger time-steps, up to a thousand times longer, but involve
iterations to achieve equilibrium and compatibility at each
time-step. Although explicit methods are generally used for
impact modelling in three dimensions because of their relative
efficiency, implicit methods may be more appropriate for simpler
problems.

DiffAculties with the modelling of continua discussed are
the control of hourglaasing, the level of discretization and the
importance of the constitutive model. Hourglassing is a
deformation mode that involves zero strain energy for the finite
difference or finite element in use, but it can grow in an
unstable manner to dominate the observed behaviour. An example
in discussed and methods of controlling the hourglassing are
reviewed. It is found that the hourglassing can occur not only



on an eloment or zonal level, but in certain problems at a
structural level. Unfortunately the hourglass modes of
deformation may be modes that occur due to the dynamic problem
being modelled. Hence it is necessary to control them without
eliminating them completely.

An example of the effects of inadequate discretization is
given showing how the provision of too few zones in a finite
difference modelling leads to unrealistic impact behaviour in
predicting the contact time between the missile and the target.
Further the coarse discretization leads to more hourglasuing and
causes an unstable development of deformation away from the
impact. This implies that although there may be little interest
in studying the missile behaviour, as much cate must be taken in
its modelling as in the target.

A limitation of simple constitutive relations which do not
include rate sensitivity is that any localization of the
deformation is related to the discretization. Hence the width
of any shear bands that may be identified during the modelling
will be of one element's width in a simple finite element
description. 2However if the rate sensitivity is included the
governing equations show that the shear band will have a
dimension related to the 7onstitutive model. Although most
codes do not have any method for modelling such a concentration
of the deformation, a discussion of the various approaches to
shearing is given, based on solutions to a more ideallised
one-dimansional problem. It is found that for a rate-sensitive
constitutive model there is indeed a natural sizing of the shear
band, a result that is apparent from both finite element studies
and an analytical solution.

Although this revieu concentrates on limitations to the use
of numerical modelling, it is concluded that with care successful
modelling of dynamic plastic behaviour is possible. The major
limitation at the present is in the modelling of failure,
especially ductile failure. As studies of shear bands have
shown, however, this is particularly difficult to model although
it is, paradoxically, theoretically easier if a more complicated
constitutive model is used. Nevertheless it is possible to use
some form of damage mechanics to give useful estimates of ductile
fracture without modelling localization. Finally an example of
an impact problem of industrial relevance is shown in which rate
sensitivity was found to be important although strain hardening
was not modelled. In this case the object is to predict the
final deformed shape after impact for which dynamic relaxation
was used to damp out the residual velocities after all plastic
deformation had ceased.



Discussion Of Microstructural Effects and its Modelmn..
at High Rates of Strain

L. 1. M. M. U. IA. CMRS No 1215'
U1niversit6 de ETZ, lie du Saulcy, 57045 Ki-ET'( lil61X 0o1 lrVnce, r

J.R. Klepaczko

EXTENDED ABSTRACT

During last decades a vast experimental evidence has been accumulated:
that metals deformed plastically at different conditions (strain rate',
temperature, pressure) undergo a complicated microstructural evolution.
Recently, microstructural aspects have. been more frequently introduced
into constitutive modeling, however, the emerging picture is still not
complete. Such approach, based on materials science, is very promising in
formulation a framework for rational constitutive modeling with a possi-
bility of reliable extrapolations beyond experimental conditions for
which the constitutive parameters have been determined.

This discussion presents a consistent approach to microstructure evolution
via the constitutive formalism which have been constantly improved over
last few years, Klepaczko (1988a). The -ormalism presents a consistent
approach to the kinetics of plastic flow of metals and alloys with FCC,
BCC and HCP lattices. The rate-sensitive strain hardening, instantaneous
rate sensitivity and temperature are taken into consideration in terms of
evolution of microstructural state variables. The notion is assumed that
the current mechanical properties of a metal depend entirely on its
current microstructure, and any changes in microstrucLure result in
changes of mechanical properties. Consequently, the formalism has been
applied in which thermal activation analysis is employed for both the
kinetics of glide and kinetics of microstructural evolution, Klepaczko
(1974). Although the formalism is to some extend similar in its construc-
tion to that based on the mechanical threshold stress as a state varia-
ble, Follansbee and Kocks (1988), it is more general.

The formalism employed in this study as the background for discussion of
microstructural evolution is based on the stress partitioning at constant
structure. Thus, the flow stress in shear T at constant structure is
given to a good approximation by

T(P,T)STR = ' (1,T)STR + r*(P,T)STR (1)

where T and T* are respectively the internal and effective stress compo-
nents, rand T are plastic shear strain rate and absolute temperature.
The kinetics of defect (dislocation) movements interrelates at constant
structure, characterized by j state variables s., the instantaneous va-
lue of effective stress T*. Whereas, the internaý stress , must be also
rate and temperature dependent via dynamic recovery processes (relaxation
of long range internal stresses) occuring due to annihilation and rearran-



VI

'geinent of' strong obstacles to dislocation motion. Since the microstructure
'undergoý,s an evolution, and the stat'o of microstructure is defined by s.
state variables, the state variable evolution is assumod in the torm of
set of j differential equations of the first order, Kiepaczkbý (1987,
1988b) d

*dr J
Assumlng that microstructure is characterized by five instantaneous quan-

Ititfes p d(p), 0 and A,, where p.,and p are the mean immobile and
nib iedsloCaion dested(p) is the *subd'airi diarneter which'.evolues

with p 0 is the grain diameter and a is the mean distance betoe~n twins
or mic~rdtwins, then internal and effective components of stes 'are di-
'rectly relaed tt9 those quantiti~s.' Evol~utions of .each of f ive in.troduced
state _variables, are discussed in view' of the papers submitted to. this

I'n addition, an evolution, of microstructur~e speciftic' for shodk' wave
loadlng anid microinstabilItties in the form of the adiabatic micro-shear
band,. arle 61so taken into consideration. Finally', a general discussion
and more specific conclusions are offe'red.

REFERENCES>"

Follansbee P-$ and Kbcks U F-1988 Acta. metail. 36 81
Klepaczko J R 1975 Ma~ter. Sci. Engng. 18 121
!KlepaczkoJ R 1987 Proc. Conf., IMPACT 87 (Bremen : GM) 823
Klepaczko J R 19Fda Proc. Int. Conf. DYMAT 88 (Les Ulls les Oditions'de

physique) C5-553
Klepaczko, JR 1988b Proc. 8-th Risb Int. Symp. (Roskilde RIsO) 387



J!
I- ,'

Overviev of impact properties of monolithic ceramics

t ' IXi RUIIZ 1A

Ox f ord Up tyessty.e.•e tment of Engineer, ing Science
Park.s Road

Oxford OXI 3PJ

The generic•term, ceralvica, embraces a large1 variety of materials thatrange from naturally (,ccurringrocks to to-day's man-made ceramics,
cermetak, eOtt This review is only concerned with ceramics of high' tensilestrength,'low porosity and reltively free from defects,,ottenoaell .fineceramic b?. " 1o

The chara terisation of the mechanical properties of ceramics, evenunder statie loaditg, presents difficulties associated with theirvariability. Fracture toughness is often measured by means of indentationtests. These have come under considerable criticism. An alternative isoffered by conventional tests using single edge notched beams (SEN), doublecantilever beams (DCB) or double torsion specimens. In all these cases theway in which the initiation notch or crack is irltroduced has been shown tobe important. Ceramics are prone to suffer a severe strength degradationasa result of the machining prozess and when the notch is produced by plungegrinding it might be asked whether the subsequent specimen behaviour istruly indicative of that of the undamaged bulk material. Low speed Impacttests of the Itod and Charpy type. have been interpreted in terms of Kic
assuming that static equilibrium is reached and considering inertial loadingby applying the Duhamel integral method to the raw force- time data providedby the impact tester, This approach, while preferable to a simple staticanalysis, neglects the stress wave action which is important in determining
the initial response of the specimen.

As the strain rate increases, the deterministic relationship thatexists between stress level and crack size under static loading breaks down.Fracture then depends on the stress wave velocity and the stren3 pulseduration or stress rate. The mechanism consists in the formation ofclusters of microcracks and their subsequent growth. MIcrocracking has alsobeen shown to explain the behaviour of multi-phase ceramics under shockloading, where cracks are formed at the boundaries between phases withdifferent mechanical impedance. Cracks may be formed normal to thedirection of propagation of the shock or along that direction. A damagemechanics approach, adapted to the mathematical modelling of failure inconjunction with numerical analysis, is potentially valuable but is stillincomplete.

Ceramics are used for armour plating, backed by a resilient support.
Accurate predictive numerical analysis are not yet possible in the absenceof well established failure criteria and well documented mechanicalproperties. A purely empirical approach is normally followed to obtain theballistic efficiency of the ceramic. This depends on the HEL, thecompressive strength, the density and the wave velocity but the overall
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efficiency of the shield will also be a function of the mechanical
impedances of the front layer and the backing, of the properties of the
ad 1sive end of the impact itself. The mode of failure changes when the,ceramil Is unsupported.

r'Sosion and small particle impact are briefly mentioned. This reviev
,.onuiirs only the response of a ceramic to a single loading at room
temperature. The variation of mechanical properties with temperature is a
question of obvious interest about which very little has yet been done as
Is the efiect of repeated impact on the residual strength. Secondary
causes, such as machining damage are known to have an important effect on

/, ; i •the scatter of properties aswyell an on the strength, so much so that they

tcan even mask the effect of the primary loading. The resistance to impact
is also impaired by the presence of an applied static load inducing tensile: estresses. The conclusion ia therefore that much still remains to be don* to

understand fully the behaviour of high strength ceramics and build up a-bank
of design data that will permit to exploit their potential with confidence.
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]vei'viow of Impact of romposites
-3

Graham Dorey

Royal Aerospace Establishment, FARNBOROUGH, Hants GU14 6TD, UK

Composite materials usually comprise a matrix material such as polymer,
metal or ceramic, and reinforcing particles or fibres such as carbon,
glass, polymer or ceramic. By combining the properties of the
constituents, with the correct interface condition3, compositie materials
offer the designer many potential advantages over homogeneous materials,
such as high strength and stiffness, low density, elastic anisotropy
giving tailored deformations, preferred fracture mechanisms giving
increased toughness and improved high temperature stability.

Many of the applications, where the designer would like to make use of
these properties, involve some form of impact or shock loading, for
example in aerospace and transport. structures, in armour applications, in
reciprocating machinery and in sports goods. It is important to know the
response of the materials at different loading rates appropriate to the
application.

Increasing the loading rate on a component or test specimen, to rates
representative of impact loading, can cause changes in response and
damage. These may be because of strain rate effects, which alter the
behaviour of the material on a microstructural scale, producing effects
such as increased failure stress or reduced fracture energy. Alter-
natively, the component or specimen may respond differently on a
marrostructural scale, so that higher frequency modes are oxcited, or
stress waves may not be able to travel far in the ti -available for the
impact event and energy may be more concentrated in the region of the
impact.

There are many different test, methods for investigating Impact phenomena
in composite materials, with strain rates ranging from 10-/s

(quasistatic) to 1.0/s. Drorweight or pendulum impact tests are useful
for simulating low velocity impact (a few m/s) on carbon fibre composites
(Dorey 1987, Epstein et al ]989). Gas guns may be used to achieve impact
velocities of several 100 m/s (Dorey 1987, Beaumont et al 1989), and
ballistics can achieve several 1000 mi/s. High strain rates can be
achieved by other means such as by Hopkinson bar techniques (Lankford
et al 1.989, Harding et al 1989) and Laser induced shock (Gilath et al
1989).

In itudying impact events it is necessary to monitor Loads and damage
occurring in very short times and this may be done using strain gauges
(Harding et al 1989, Beaumont et al 1.989), moire fringes for strain
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(Epste'In et al), high speed cameras to follow damage (Gilath et al 1989,
Beaumont el at 1989) or crack meters (Lankford et &l 1989).

The damage produced by impact loading can be similar to that produced by
quasistatic loading, for instance where elastic deformation is dominant,
or the shock loading may induce different failure modes. In composites,
the damage pattern can be dominated by weak fracture paths, such as at
fibre/matrix interfaces, responding to secondary stresses in the complex
load field.

"Modelling impact events, either physically (Beaumont el at 1989) or by
computer techniques, is important for understanding and predicting
behaviour. It also gives valuable clues in the development of improved
materials. But modelling impact performance in compsites is complex and
difficult. Sometimes, to get adequate predicitions, it is necessary to
simulate the event experimentally as closely as possible, as in the case
of bird strike on aircraft str'uctures. But full 6cale tests of this
kind can be very expensive, and laboratory impact tests can be very
useful If they are Interpreted intelligently.
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Some CQoments on the Modelling of Material Properties for Dynamic
Structural Plasticity

Norman Jones

Impact Research Centre, Department of Mechanical Engineering
The University of Liverpool, P.O. Box 147, Liverpool L69 3BX

This article focuses on the modelling of material properties for
structures subjected to large dynamic loads causing extensive material
inelastic flow. Many articles have been published on the behaviour of
simple structures subjected to large dynamic lo&as C1-5], and the
literature contains a rich coverage of the well-known rigid, perfectly
plastic model [6,7).

The simple rigid-plastic idealisation gives reliable predictions for some
impact problems, but It is not always adequate for the increasingly wide
range of practical problems which confront a designer, Nevertheless, In
Reference [8], several recent studies are examined which confirm that the
rigid, perfectly plastic model is an acceptable approximation for an
klastic, perfectly plastic material, provided the dynamic energy input is
much larger than the maximum wholly elastic strain energy capacity of the
structure, and that the pulse duration is short relative to the corres-
ponding natural period.

The influence of material strain rate sensitivity is important for some
materials and structural designs and, in these cases, should be inoor-
porated in the model of a material. This phenomenon is fairly well
understood, and a considerable body of experimental data now exists.
However, the quest for more efficient and lighter structural designs,
coupled with greater environmental demands, often require estimates for
the failure of structural systems under severe dynamic loads. These
calculations require information on the failure modes cf structures and
the strain rate sensitive properties of materials wOich undergo large
plastic strains up to rupture.

Section 2 of the paper discusses some recent experimental and theoretical
studies on the dynamic, inelastic failure of beams, and contrasts the
behaviour under uniform Impulsive velocities and local impact loads. It
is observed that the failure of beams subjected to local impact loads and
uniform impulsive velocities is not well understood, Further experimental
data is necessary to identify more clearly and model properly the failure
modes, particularly for mild steel beams under local impact loads.

Some further observations on the dynamic, inelastic failure of structures
are given in Section 3 of the paper, while Section 4 discusses several
outstanding problems on the influence of material strain rate sensitivity.
It is noted that the strain rate sensitive characteristics of materials
are well underatood for Amall Atrainn. whereas nt.runturnIl nrAhwnrhhinfunn
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Studies, and other practical applications, may involve large inelastic
strains. A modifioation of the Cowper-Symonds oonstitutive law is
proposed in order to model the observed decrease of strain rata sensi-
tivity with increase in inelastic strain.

Finally, a simple model for the variation of rupture strain with strain
rate is discussed in Section 5 and compared with some experimental data
C9-13J. However, it is evident from the available experimental data that
the influence of Strain rate on the rupture elongation of metals is
unOlear. Further careful experimental tests are required to resolve these
difficultiec before the proposed equation or any other complex expressions
C14) are employed in design and for numerical calculations.

It emerges clearly from this article that further experimental studies are
required in order to develop reliable models for the material properties
and structural behaviour under large dynamic loads.
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A Modified "Moving Singular Element" Method for

Fast Crack Propagation

Wei Jian, Liu yuanyong

Northwestern Polytechnical University
Xi'an, Shaanxi, China

Synopsis

There are a lot of Numerical Methods to Solve Dynamic Crack Propagation
problems. The accuracy and efficiency of those methods are greatly based
the simulating model of crack propagation and the basic variational equation
for dynamic solution. In the past, the propagation models are "Nodal Force
Release Method" III and "Moving Singular Element Method" The former
is much rough in theory, so can't simulate the crack propagation accuratlY
but it is easy to perform and takes less CPU time of computation; The
latter can express the crack running more accuratly, but it has some*
serious drawbacks:difficult to creat meshs and a large amount of running
time. As to the variational equation, Nishioka etc. presented an "energy
consistent variational statement" regarding for the crack propagation.
But the results show that this variational eqution is not quite success,
it is ambiguous in theory and results in an oscillation in actual
computation.

In this paper, we will present a modified method of Ref[2] in which
a new simulation of propagation and variational equation are used in
order to combine the advantages of above two methods.

Basic Theory: In a cracked-body in which the crack moves at
velocity v, we have the displacement and stress eigen-function near the
crack tip as follows:

.......... .. ......... .()

Uxxn= ......
Uyyn- .....
Uxyn= ...... (To be ignored)

where: s1 =-1-(v/c,) I sl = -CV/C,)'

Cis 4S,S,/(l4S; ) , n-odd
n-even

when v-O, the equation (1) changes into the well-know williams-functions,
which is deduced in the static condition.

From the oringal definition, the energy releae rate:
I

G=lim-i Oaxx(x)Uy(x-$)dx ........ (2)

If we use the propagation eigen-functions and williaims-functions as the
basic displacement and stress function of singular elements---called
propagating singular element and static singular element respectively.
We can derive the different energy release rate Gs and Gd using (2):

(KO .F0r
4q ~ FcIIJ)

and

where: 1 -V (plane strain)

-1-• "- (plane stress)
Fs ,,5, Z I ....... (3)

S i UIIIIII! nunn l n il uinn nnl 4S, S,n -I nlim"



In the meantime, from another expression of a:I dw dv dt

We can see that if the propagation singular element is replaced by the
static singular element, there is only a little change in total energy
release. Because the singular element only takes a little part in whole
body, we can give an approximation:

Gd-Gs (4)
Substitute (3) for (4), we get:

SL. • F(SII...................................................... (5)
Now, using (5), we can largly reduce the computing time. Because we

need no longer to reproduce singular elements stiffness and mass matrices
when v is varying, which take a lot of time to perform, and the programe
is much simplified as well.

As to the variational equation, Because inany genetic time ti , we
can consider the crack is not propagating, So unlike (2], we can use a
simple variational equation to a running crack:

f (61j -;xy+f~ii~ui) dv- J idluids- f i~uids-O.......6
Finally, we got:

K.q+M.4-0-O ........ (7)
This eq. was solved by New mark-A time inteqration.

EXAMPLE: We first use a steel DCB specimen: K1,=7066N/mm"
v-100Om/s,atm3,as, All the experiment data were got by J.F.Kalthoff (37
Fig.l shows the comparasion r3sults of different variational eq. using
propagation singular element. Fig.2 shows the comparasion of propagation
singular element and static element under new variational eq.; the latter
takes 25% less CPU time than former. Second, we use Hemilate-100 DCB
specimen: Kjg=73.36N/mm" , v-295m/s, t=6as, we got nearly the same
result compared with the (2], while the time increment at is 30 times
large then [2].

CONCLUSION:
This method is more accurate than "Nodal Force Release Method", and

more efficient then "Moving Singular Element Method". And compared with
the Experimental results, it shows a good consistence. The stability and
convergency of this method is also attractive, especilly,it can be
performed in such large increment of At.

References: (To be ignored)
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HEAT GENERATION DURTNG FRACTURE

By Akira KOkAYASHI,Professor,Dr.

Nobuo OHTANT, Research Fellow,Or.

Michel GOROG, Research Student

Faculty of rngineerlng,Department of Materials Science,

The University of Tokyo,Hongo 7-3-1, Bunkyo-ku,Tokyo 113

Japan

In the present reportthe validity on the estimation of dyna-

mic energy release rate by generated hedt is presented.

The specimen in interest is PNMA. Experiments are done under

various pre-strain conditions In crack propagatJon,during which

generated heat in lhe function of temperature ri. se is measured by

thermistors and the crack velocity by velocity gages. A crack

is initiated by an impact of a sharp edge on a notch in the

specimen to realize the crack propagation.

Dynamic energy release rate Gld for k finite width elastic
body with fixed displacement is expressed as

GId . 1/2 f()) > h E ()

where f(V) ( /(- 2 for plane stress

1i -) /(]. +)(1 - 21)) for plane strain

and E=Young's modulus,L)=Poisson's ratio,h=a di.itance between

jaws for gripping,and E prpe-strain. (Ref.i)

As for heat generation,assuming the one-dimensional heat

conduction,generated heat can be expressed as

Q - ,1- 7Tef-.cy.,!, Tm --- (2)

where -_=-2.71828---, f) -density,c-specific heatand
_,t Tm - temperature rise. (Refs.2 & 3)

Measurement of pre-strain and temperature rise in combination

with Eqs. (1) and (2) leads to Fig.3

[313



OrAU,• 5• fOd . I~

t- I..

M LLJ 0L .AJ oo ,.". .*D
W

S-*4

.1 *.@ 0.0 0.1 0 $9 0 34 014 0* 07 T Q,7 0! 0. .0 3 3333 1 .40

PRE-STRAIN (%)

Fig.3 Dynamic Energy Release Rate/Generated Heat vs.Pre-Strain

Fig.2 Crack Propagation Velocity vs. Pre-Strain

Further combination of Figs.2 and 3 presents a solid line
in Fig.4,in which previous experimental results through a caustic
method (Ref.4) are shown by solid circles.

L.J W ON: h

LLJ

20..,..

Li• < .-4
0E n. 0... ..

z- z

CRACK VFLOCITY (m/s)

Fig.4 Dynamic Energy Release Rate/Generated Heat; vs. Crack
Velocity

As seen from Fig.4,dynamic energy release rate and
generated heat are in good agreement until the crack velocity
reaches about 550 m/s,which is almost seventy percent of terminal
velocity, Therefore,the validity on estimation of dynamic energy
release rate by generated heat holds in the range mentioned above.
One reason of this deviation from 550 m/s is explained by fracto-
graphy of fractured surfaces, showing much microscopic crack
branching leading toward - much energy consumption.
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TRUE-'Dr I ONAL SEMI-INPINIJTE CRACKS
SUW3ECTED TO DYNAMC LOADS

P. PINTADO AND F.G. BRNITRZI

Eicuela Superior do Ingenleoro Industriaoie, Avda. UeIna Mercedes, 41012'Sovilla,
Spain

The boundary-integral equation method for lastootatics and. elastodynamncs Is
especially helpful] when the particu!ar geometry of the problem 'being analyzed
is, to some etent, acounted for by the fundamental Green's function used. In
this paper, the three-dimensional sohution for an impact point load acting in the
interior of an unbounded, homogeneus, liuearly-elastic, isotropic thick layer has
been studied. This fundamental solution is used in co~eclion with the boundary-
Integral equation method to obtain the strew and displacemnlt fields in probleme
concerning semri-Infnite through-cracks in plates subjected to dyna.mic loads. The
technique proposed can be used for the analysis of ot4er geometrical configurations
such as presurised cracks and circl holes in plates of arbitrary tb,•knes.

LRaeearh Asaissans
5Anodwae Pro"Weor
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TENSILE INSTABILITIES týT HIC4H STRAI'l FIAiT C' ULT!~ ~i~it ADMUILIAXI~iL
EFFE,.TS,.

LaboratoLre do Fh;0siqLu' v. 10 v n Iqu '14i; * M at r1ALau. "NA, tMP,IS. 121S
Qtii Liersi1tL do M~et z 1ie du au~lcy, S70-9- 11-tz Cede>:, France:,

6t! h speed me 4.a III l ks are formed ly, kke, r,, I * 'f a conical Pr
wedge-shapeid liner .tndor ixpiostioe loading. ~y I: .-k-i ,l(toe are ll m,'z
at the tip and Vri,'SL at the tail taf the Jet: Caqentthe Jocts are
submitted to ain emormous, stretchingi their 'egh*An be mu~liplied 4
tltpws In 1003pm. Howev.er,, beyond some tandoff d' tkani~a, thd, Jets. nec)ý
down. In a series of lo-atlons and soon break down' into closely similar
fragments. This Is. 1'n'wn to limit t~he jelt ýpit~ekratr4 n 4Ablity (BORF

atl, 1948). $Irch a .phenomenon resembles the ra,~ of COUi ia~-
1liquid Jets: thersirore it. has b:een Tuggested that surface tension Is the
destabilizing mec~hanism, and classical capillary Instability theariev
have been applied to the metallic jets breakup 'FRWW!IEL and WEIHS.1985),
Yet, the perturbation growth irtued by such modelIs It too small by
se'.'eral orders of majnIt'ide wh'en It comes to i:ortpau-e the predicted
brea):up time with the ot-sartl'd data.

In this piper. the met3ALic Jet breakuip ii rather 'jiewed as a neclkigl
lirstaM IlIty; I t Isa showr thlkt the necl ino Initabi i It anal ysis of a Onl~
linear Astocplastlr material can proull1e pevt't.lr1.-Min growths large
enough to af~count for the ohý,erued br'a~up 1. ime ati-I fragments aspect.
The- dril'lng me,-hanizti 1z the veiometric -ofterilvg o- the jet due to its
sect ion reduction: it, renriers the unIf armi krtr' Ii jet unablie 1,0
sustain the aylil Por~e nvail-ed, :n tht: me-antimre, zabilizing facftovr

-are' at, work. whil~h Ioe~ay kth, growth of -lin uJnit',rm parturbations: in
addi1tion to the damping of rite cens ,io I k Ey. ltte 8 ~x 1 a and latersI
Inertia effects rlow down the growth of Long waltelvryth perturbakialls.
0,s a matf.er iif fact, the lailtter in-jlp~ lsruer mass amoujn s. The
m'iltiaxial aspects of the stres'm fiell In th.e nlrý Jo so at t~h short,
wavelengths : t.h-i aserape a*x*ial stress appIlied to k fe nqcl, cross o.e~rn
Is Larger at l ong wa'~e l engt hs: -,or'sequantlI y f or 3m g let' appi ed fC rj'oe .
the section area o~.lq- which mneans Ot .t l.e irittabillt.y peo:.3cds
faster at long waoplangtkhs- Powee" 01P two f'wel"1.11 I 'j Mitti camg ' Ps
optimum nonn :e-ro finike ,ii)oelevgt~h is :toe.e'ted at. aach raiment, for whil;h
the perturbation growth is ma> i'num. 'This it ir.1I:-i 11 vie of mulIt Ip Ie
necleing and of Jet f ragmertak Irn.

Clue to the stretching. th': . ii xIc un IP,-rip I:ý: flow iv f. 1 m
dependent. Thereýfrre, k he problem vanno t be a i-s- by u~s Ino AThe '
classice-l simple eigenu.alu~e formiulation:, the pertiirbaftion growth IF nlt.
that of a simple 'woeta. and there IT no single dominant
wa'.'elength. In this paper, we consider a 1.q,..~azI~-seaduy uniform pla~ti:,
flow: It It assumed that the time scale mý tPert.urt.VAtii growth Is Muc~h
smaller than the u.niform stretching jet I tn,- - ca le . This Is well
-verified in all the specif ic cases we inleitigat-id. rhen ! t Is shown
that the protlem can te addressed throtigh a oei~of Instantane iLS

elgena.,Lue problems. At each woment a different 'iominsnil wavelength ar4
a different perttjbatlon growth rate are FOUnd. 'he procedure providles

_~ _ _ .2



j r)di; jr, for, Iho hrp.Iuv, m# 91 and .hel f rag nwei i a z p ei o t I.rig f
tjo Ma,:iMUM eiaMe~ir) I aft' ~reoup, ti. I ttt t~w~~ t~i ncnn uniform

prrbed radtu i1 er.' q' LnstA Tianeajuz t.at~ .ia I engt h
lndi cat We of the the fragmews'size,.

The coparlson~ ith't~he wav~ilabI'l 4ýperiieht~i Ia!.tt on .opper Jet$
(CHOU et al ̀  197, ) sugpoist , that bol~h , pedlqfT arq r~aes1Lti, and
that thoi mod~iue at ,lowe a .nsLnt predi-t tom of the jet breaixup'
phnnOarnen~m. The' Poi'matlblltl'u with, thm, obseervedI data ýs a'ýhlekhed for

,ir.; *~nthntp, ýxeolrerle s'.rgss, rate sensl~t klty.) Im agreemeilt
with .thi -apt atd e~periI'ert t.A trend. , 'uf,.h untrol kIng 83~~r of the
Jet 'brej,1P'wai lakei'ilInliertia, ami 'ratei ieavsltlvity itre pidr.oel ouk, trid

t~ts~ IIur' iscutsel1 I. io shuwn that a targe -Oe nsitLVILY
1i9I -ing fragments, ý^xlal ad lta Inertlat e are more

Colorey'. 1nhighi' dynamin, cases'. tlhe fracfture 'prnco', ta is ilayed a'
larger- p~latitm deforar~.tions, 'he Frat'mert3 aro zhorter thin In lesl?
dynamti- .1 eanks ho.we-Dr. t~ithough it ficused on metallit-, such -in
ana,'IB13 01i4qht haoe' 1,pliications on similar promisses, 1 ite polymer

S jIRK.HC', i. MACrOIJOPLlý.., D r,,, PUGH, E.M, and TiWLC'F. . ; 194S.

El.'p ! 2 1vei wi~th ilried -:ali o i s, J.- App I ,Phy. i :.3ý
CýP.L~fOr4e. *. CHOU. a nc ,d C ICC ,F>P E I-L.I P D. 17 -t-AP-1 :harge je
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DUCTILE FRACTURE OF METALS INVESTIGATED BY DYNAMIC TENSILE TESTS
ON SMOOTH AND NOTCHED BARS

C, DUMONT, C. LEVAILLANT, M. ARMINJON, J.P. ANSART', R. DORMEVAL*

Centre do Miss en Forme des Mat6riaux - Ecole des Mines de Paris
Sophia Antipolls - 06580 VALBONNE - FRANCE

* Service Mdtallurgle Commissariat A I'Energle Atomique
BP 12 - 91680 BRUYERES LE CHATEL- FRANCE

A cooperative resdarch program has been developed on the dynamic tensile testing facility built by
CEA. Results obtained on smooth bars up to 500 a"* suggest that a linear strain rate dependency of
stress can be used to represent the constitutive equation of various high purity metals or alloys (such
as Copper, Tantalum or Copper-Tungsten), as:

6=66+0+ ! (1) with ZT6 = K T" (2).

There remained a problem with dynamic tensile testing due to transient stages of heterogeneous
strains caused by Inertial effects. Recent numerical simulations using a one dimensional or a two
dimensional finite element method show that Inertial effects at 2000 so' are significant only at the very
beginning of the test, but do not alter the validity of the linear stress-strain rate relationship assumed
earlier.

In order to complete our Investigation about mechanical behaviour of high purity copper at high strain
rate, we performed dynamic and quaslstatic tensllo tests on notched bars, with three different notch
radii. Our work deals with the variation of the max imum load value and of the intrinsic ductility as a
function of strain rate or of the notch radius. Thii Intrinsic ductility is characterized by the length
relative variation of the notch part between the InitalW state and the fractured one. These experimental
results are discussed on the basis of the two dimunsional finite element simulation which takes into
account Inertia effects.

Our computation shows that whatever the strain rate, for a given geometry, a same relative variation of
the minimum diameter leads to similar values of I he equivalent strain or of the stress triaxiality. So,
these parameters which are in direct relation t damage effects are not influenced by the test
conditions and consequently by the inertia effecti,

In all the cases (figure 1), the maximum load vail.ea increases when the notch radius decreases. This
phenomenon is well-known for quasistatio test conditions and named notch strengthening effect"

increases with strain rate In dynamic conditions.
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The numerical simulation leads also to an Increase of the maximum load value with strain rate, which
appears at the same macroscopic elongation or at the same relative variation of the minimum diameter
whatever the dynamic strain rate. So, the equivalent strain being the same In the minimum cross
section, we are In position to assume that the maximum load value Increase Is due to the linear strain
rate behaviour of the high purity copper (equation 1). However, our computation does not show an
Increase of the notch strengthening effect with strain rate.

Whatever the strain rate, the intrinsic ductility Increases when the notch radius decreases (figure 2).
This result can be justified If we study the variation of the equivalent strain along the minimum cross
section at the same relative variation of the minimum diameter, The lower the notch radius value, the
higher the equivalent strain gradient, but the lower the mean equivalent strain.

notched part rupture elongation (%)
250-

200

0 Ouassitatic
100- 0 Dynamic

U I - •- - , • , •
0 2 p 3

flguM±LThe notch part rupture elongation as a function of notch radius
between quasistatic and dynamic strain rates

On the other hand, we are not able to explain simply with these computation results, the differences
observed between quasistatic and dynamic strain rates : the mean equivalent strain decreases from
the dynamic to the quaslstatic strain rates.

Nevertheless, we may remark that the dynamic constitutive equation leads to higher strain rate
sensitivity parameter m than In queslstatic conditions where rn Is particularly low ( m = 0.012).
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f2.fermstia nd ML.ratuce atftiovearbonat, ,at High Strain Rate

[i Fleck. N.A., Wright, S.C.•

Si*Cambridge University Engineering Dttprtment,

Trumplngton Street, Cambridge, CB2 IP2

Results from high strain rate tension and torsion tests using
Split Hopkinson Pressure Bars have been combined with data from the
literature to determine the effects of temperature, strain rate and
stress on the deformation and fracture of polycarbonate (PC). See
Fig. I.

An increase in strain rate results in a modest increase in yield
stress. Decreasing temperatures result in increased yield and
fracture stresses. For temperatures below -MeC bond rotation is

frozen, resulting in small fracture strains. Above -60eC deformation
is by sliding of backbone molecules and longer strains are achieved.

For temperatures In the range --60C to 140*C the response consists of
three stages: I - non-linear viscoelasticity until yield, II - strain
softening, III - strain hardening.

Shear bands develop in torsion and compression, and necking occurs
in tension. Above 140*C the van der Weals bonds melt and the material
belives as a viscous liquid.

The Eyring Equation is shown to fit the available data for yield

of PC for temperatures T in the range 0.6 < T/Tg < 1.0, (Tg = 145C =

glass transition temperature) and for strain rates between 1 s"

and 5 x 10 s". A summation of two Eyrlng terms is required for
temperatures below 0.6 Tg. The model accounts for the different
stress states associated with tension, shear and compression.

Strain to fracture for PC drops linearly with Increasing In
(strain rate), with compression failure occuring at about 70% greater
strain than tensile failure. Fracture is not by adiabatic softening,
as orientation hardening stabilises the material.

In shear, fracture is by the formation of tensile microcracks
which then coalesce by plastic collapse in shear. Compression failure
is thought to be by a similar process. Tensile failure is by the
propagation of one or two tensile cracks from pre-existing surface
flaws, following sub critical flaw growth.
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COMBINATION OF MICRO- AND MACROREPRESENTATIONS

IN THE MODEL OF DYNAMIC DEFORMATION

AND FRACTURE OF METALS

M.A.Merzhievsky
Lavrentyev Institute of Hydrodynamics

Siberian Division of the USSR Academy of Sciences

Novosibirsk 630090 USSR

In modelling dynamical strain and fracture of metals, the mo-
del of a Maxwell-like type visco-elastic body is used, in which the
relation between the relaxation time of shear stresses IV and the
medium state parameters is determined on the basis of dislocation
representations of plastic deformation. When obtaining the V rela-

tion, the experimental data are used on determining the dynamical
yield limit as a function of strain rate. The model is supplemented
by the temporal fracture criterion relating the life time with the
load. The criterion generalizing the well-known approach suggested
by S.N.Zhurkov,describes, in terms of dislocations, both "static"

and "dynamic" branches of the experimentally observed dependence.
Testing of the proposed model and of the numerical methods is

realized on the basis of some one-dimensional problems. The results
are compared with the experimental data. The capabilities of the
model and of the method are illustrated by the solution&s of two-

-dimensional problems of high rate strain and fracture. A good
qualitative and quantitative agreement between the predicted and
experimental results has been established.
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INFLUENCE OF LOADING RATE ON FRACTURE PROPERTIES OF HEAVY METALS

H. COUQUE and J. LANKFORD

Division of Engineering and Materials Sciences,
louthwest!Research Institute,
6220 Culebra, P.O. Drawer 28510, San Antonio, TX 78284

Abtrmet - The applicability of dynamic fracture mechanics to the failure of heavy

metal alloys subject to high velocity impact Is a relatively unexplored area. This Is

principally due to the lack of knowledge of the effect of loading rate on deformation

and fracture toughness. Recent progress, however has been made towards identifying

the failure modes Involved in impact loading rate in tungsten alloys [1]. As the loading

rate increases, the fracture process changes from a ductile to a special, brittle type of

failure. Specifically, the transition from ductile to brittle is associated with a

decrease of fracture of the tungsten particles (W) and the nickel base matrix (M) and

with an increase of cracking along tungsten/matrix (W/M) and tungsten/tungsten

(W/W) Interfaces [1,2]. Unfortunately, due to the high strain rate sensitivity of this

material, Identification of the micromechanlcal processes alone is insufficient to
predict fracture toughness at ultra high loading rates.

The purpose of this Investigation is to report fracture toughnesses measured over a

wide range in loading rate; interpretation of these results is based on SEM

observations of the fracture specimens and quantitative micromechanical modeling. A

novel technique has been used to measure fracture toughness at dynamic loading

rates 91 varying from 106 to 3.5 x 106 MPa/rn s'I using small compact specimens

[3]. The quasi-static toughness was evaluated using a standard compact specimen at a

loading rate It1 of 1 MPa/rn s-. Micromechanical modeling was performed using

simple fracture models for ductile and brittle fracture, following at procedure

developed in a previous study of the effect of loading rate on fracture properties of a

plain carbon steel [4]. Specifically the modeling is based on quantification of the

mieromechanleal processes involved in ductile and brittle fracture, and measurement

of tensile deformation properties at strain rates of 8 x 10.5 s01 and 1.5 x 103 $-1.

Decrease in toughness was observed with increasing loading rate and was correlated

with Increasing apparent embrittlement of the macroscopic fracture surfaces. The

transition from ductile to brittle failure is associated with an increased frequency in
the tunpten/tungsten separation. Good agreement was obtained between

S __
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I SHEAR BANDING IN TITANIUM WITH CONTROLLED ELONGATIONS AT 106 /SEC

K.P. Staudhamnber* and A.J. Gray
Materials Science and Technology Division
Los Alamos National Laboratory, Los Alamos, New Mexico, USA
*Currently on sabbatical leave at the Fraunhofer-Institut fUr
angewandte Materialforschung, Bremen, FRG

Abstract

Over the past nearly two decades numerous investigations have

been carried out on the formation and propagation of adiabatic
shear bands. At high strain rates adiabatic shear localization
is a very important phenomenon that has a profound effect on
plastic deformation and fracture. This paper describes obser-
vations made of the nature of adiabatic shear hands in commer-
cially pure Ti shock loaded at a strain rate of 10 6 /sec. The
experiments were carried out at controlled total elongations
of 5 to 11 %, which was achieved by varying the pedestal
height in our shock design. In all samples tested, shear bands
were observed. The quantity and shear band width increased
with increasing elongation. Above 10 % total elongation
fracture was dominant and only local strain up to fracture was
obtainable. The strains were measured from circle grids photo
etched on the outer surface of the samples. This allowed for
direct external measurement of shear band displacement relative
to the internal microscopic displacements. The local strain
between shear band segments, ie, the plateau steps on each of
the samples, irrespective of the overall elongation, had little
if any measureable strain. All local strain readings were
within the lower limit of the grid technique and did not exceed
1%. Strains in the shear bands that were measurable did exceed
30 %.

No phase transformations in the shear band were observed, only
grain refinement and deformation. Shock hardening was observed
over the unshocked sample. However, all the post shocked
samples had essentially the same valve for all the elongations.
The microhardness values were equivalent for both matrix and
the shear bands.

For all conditions of low strain irresrective of total
elongation, the shear bands were typically characteristic of
shear bands observed at much lower strain rates. However, above
approximatly 5 % strain the shear bands had a very definite
boundary between the shear band and the matrix, and increased
in width with increasing total elongation. This increasing
boundary effect can be directly attributed to the strain heat
which is riot homogeneous and is highly localized; thus, giving
rise to this boundary effect, it is similar in nature to the
heat effected zone in welds.
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Adiabatic Shear Bands in One Dimension

T. W. Wright and J. W. Walter

Ballistic Research Laboratory, Aberdeen Proving Ground, MD 21005-5066, U.S.A.

ABSTRACT: This paper summarizes the progress made at the Ballistic
Research Laboratory to date in analyzing and understanding the dynam-
ical processes that cause the formation of adiabatic shear bands and the
influence of various physical parameters on their formation.

A simple one dimensional model, which may be thought of as simulating a torsional
Kolsky bar test on a thin walled tube, has been studied extensively by both numerical
and analytical techniques. For a body in simple shear

Sx=X+u(YI1), y=Y, z=Z. (1)

the nondirnensional equations of thermoviscoplasticity may be written as

MonloentUln: Vt. = s8/p ,
Energy: 0, = OYU + ,',,

Elasticity: st = l (vY - i,) (2)

Flow Law:
Work hardening: Kj A I(m,, 0)l,,.

where v is the velocity, 0 is the temperature, s is the shear stress, K is the work
hardening parameter, jp is the plastic strain rate, and sgn hidicates the algebraic sign
of its argument.

Only insulated boundaries with constant prescribed velocity are considered. That is,
Oy(±l,t) = 0 and v(+l, t) = ±i. The initial strain rate is asst'ied to be close to unity
everywhere, and the initial stress is assumed to be constant. To trigger a shear band,
only perturbations in the initial temperature will be considered. O(y, 0) = 0o(y), where
0o is small. Mechanical perturbations can also initiate a shear band, but for brevity
we omit them here.

From a variety of analytical techniques it has been possible to understand many of the
primary parametric dependences of shear band formation, at least in the quasi-static
approximation. Some of the principal conclusions are that shear band formation is a

E



multistep process, that instability and intense localization are not coincident in time,
that a fully formed shear band often behaves like a boundary layer with a well defined,
a , spatial distribution, and that for perfectly plastic materials a theoreticalI • "shear band susceptibility" can be identified and calculated froin macroscopic labora-

t~or'yum'e'a's(urements, The susceptibility, which appears naturally in simplified analyses,
appears to be the key quantity in assessing stability, early growth rate, and minimum
possible time to localization. Thermal conductivity has a substantial delaying effect on
intense localization at lower applied strain rates. Elasticity has little effect until intense
localization occurs. and then it may add rather elaborate structure to the late stage
morphology. Work hardening, which is known to be stabilizing before localization,
has a partially stabilizing effect after localization where it also adds structure to the
late stage morphology. Finite element analysis indicates that inertia may also have a
substantial delaying effect on severe localization, but the exact parametric dependence
is not yet well understood.
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Form-ation of Adiabatic Shear flands by the Impact
of Wedges and Cones

S.P. Timothy and I.M. Hutchings

Department of MateriaIs Science and Metallurgy
University of Cambridge, Pembroke Street,

Cambridge CB2 3QZ, England.

Abstract

An investigation is presented of the initiation and growth of adiabatic
shear bands in a titanium alloy (Ti-6A1-4V) due to the impact of hard
wedge-ended and cone-ended projectiles. For projectiles of these shapes,
geometrical similarity of the Impact deformation is maintained over the range
of velocities erplored (30-300 nm s ). The mean strain Z associated with the
impact indentations therefore does not vary [1) with velocity, in contrast with
the case of sphere impact examined in previous work [2-4].

Hardened tool steel projectiles, with included wedge or cone angles of 60,
90, 120 and 1500 and with constant mass (0.88 g) were fired at normil incidence
at thick targets of the titanium alloy at velocities up to 300 m s . The
impact craters were sectioned and examined metallographically to detect the
presence of adiabatic shear bands. The velocities at which shear bands were
observed varied with wedge-angle in a manner shown in Fig. 1; the relationship
ýor impact by cone-ended projpctil.es was almost the same, except that
deformation failed to localize at all for impact by 1500 cones. The dynamiic
hardness of the target metal was calculated from plots of the crater volume
against kinetic enorgy and was used in conjunction Ith 1 a rigid-plastic model
to determine the mean strain rate (I x 10 - 4 x 10 s ) as a function of the
projectile geometry and the impact velocity.

The shear band patterns were of two main types, consistent with the
"cutting" (Fig. 2a) and "radiai compression" (Fig. 21)) modes ot plastic
deformation observed after quasi-static indentation by cones [5,6] and
wedges [6]. The zone containing the shear band deformation was restricted
closer to the crater surface after impact by sharp cones compared to sharp
wedges [6]. particularly at low velocities (Fig. 3).

Mean strains, Z, associated with quasi-static indentatioa of metals by
cones have been reported by Atkins and Tabor [5], who measured E = 0.30, 0.25,
0.17 and 0.08 for indentation by 600, 90*, 1201 and 1500 cones respectively.
In the present work the shear bdnds were found to initiate at 0.28 < e < 0.A7 -1
in the cone impact experiments, at mean strain rates from 1 x 10 to 4 x 10 s
This result is consistent with earlier work [21; shear bands were found to
initiate beneath craters formed by spheres at c = 0.12 over a qimilar range of
strain rate. The technique further demonstrates that a critigal qtrain is
necessary to initiate shear bands at strain rates of about 10 a- where
plastic deformation is effectively adiabatic.

Present address: Alcan International Ltd., Banbury Laboratories, Banbury,
Oxon. OX16 7SP.
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LIST OF FIGY9ES

Fig. I Resultbi for impact of wedge-ended projectiles on to Ti-6AI-4V.

Fig. 2 Shear bands propagating along outwardly-directed (a) and
predominantly inwardly-directed (b) trajectoriei formed by impact of
600 and 1200 cones respectively at 284 ± 2 m s

Fig. 3 Comparison of shear band deformation beneath craters formed by impact
of 600 wedqe-ended (a) and cone-ended (b) projectiles at
78 t 7 m s ; the shear bands propagate very close to the surface in
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An Alternative Method to Study Rapid Crack Propagation in PH

'I

R,M.S, Genussov and J.GWilliams

Department of Mechanical Engineering, ImplrialCollege, London SW7 2AZ

Pressurised PE pipes can be prone to failure due to "Rapid Crack Propagation" (RCP).

Hence, these pipes should be designed from tough PE grades whose dynamic crack
resistance GD, ensures immediate crack arrest. Quasistatic fracture calibration tests fail to
generate RCP in these tough PE grades. Only impact tests successfully initiated the required
mode of fast fracture in precracked PE samples. However, these tests have other
drawbacks : exact monitoring of their load and crack-length traces in most complicated;
their analysis hinges on sophisticated models taking into account dynamic effects; inherent
transient initiation effects and gross vibrations may cause the generated OD values to be
geometry dependent and thus cannot be applied to other geometries such as pipes.

These problems pointed out the need for an alternative test which imitates the pipes' fast
fracture, suppresses gross dynamic effects and is still easy to monitor and analyse. Such a
test has been developed using a unique Glass-PE (G-PE) duplex sample : A polished glass
slide is adhered to the crack-mouth of a razor prenotched, side-grooved PE sample (see
Figure),. Quasistatic tensile loading of the G-PE sample results in the glass shattering.
followed by a fast and brittle fracture in the PE. Evidently, prior to gla.,s breaking, the glass
suppresses the singularity at the crack tip (which remains sharp), while large amount of
elastic energy is stored in the sample. When the glass reaches its ultimate load it breaks,
rapidly loading the sharp crack. A brittle crack is initiated and propellcd across the entire
sample by the released elastic energy,

The new technique has been successfully applied to two PE pipe-grades : BP Rigidex 002-
40, and Philips TUB-71. The samples were clamped between heavy grips which were
bolted to the frame of a tensile loading machine, Half of the samples were precooled to 0' C
while the others were kept at ambient conditions prior to loading at room temperature.
Load-displacement curves prior to RCP were plotted on the tensile machine recorder, Crack
history was monitored simultaneously by an Imacon image converter camera and a digital
oscilloscope connected to timing lines painted along the crack path. Both camera and
oscilloscope were triggered by the breaking of a conducting line painted on the glass slide
(see figure enclosed). The pictures, showing the crack history either in framing or "streak"
modes, were in good agreement with the timing lines' readings. The average velocities
ranged between 50 - 80 m s-1 at room temperature and 230 - 270 m s-1 in precooled
samples. It should be noticed that the only effect of an increase in the remote load prior to
glass-break seem to be a shorter delay between glass-break and crack initiation. After the
initiation effects subsided, the crack velocity profiles seemed to maintain a constant value,

Careful SEM study of the fractured surfaces revealed the almost ideal uniform nature of the
surface morphology. There was hardly any evidence of a different micromechanism at
initiation or along the free surfaces, or of any changes along the crack. The relevance of

I
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this small scale test to the real pipe problem was supported by their similar microteatures i.e.
a brittle "flaky" surface with trac•s of drawn-out films and fibrils.

A dynamic finite element program was employed to process the experimental data Into
valid crack resistance terms. The fixed boundary conditions, the glass breaking almost
instantaneously with practically no energy loss, and the planar uniform crack are all easy to
define in 2-D numerical terms. The 2-D elastic code simulates crack propagation by a
successive gradual "release" of nodes along the crack.path and applying a decaying
"holding-back" force on the last node to be released. Two node release algorithms were
used : a "propagation" and a "generation" mode. In the "propagation" mode, the nodes
were released as the nodal forces reached a critical value (the crack was made to propagate
according to a known vAlue of GD), In a "generation" mode the nodes were released
according to crack history data and the GD values were calculated from the global energy
balance.

The propagation mode analysis predicted that for a constant GD material, the magnitude of
the remote load at glass-break should dictate the time of initiation and crack velocity. The
lower the load, the longer it should take to initiate the crack which should propagate at a
lower velocity. These predictions contradicted the expetimental observation of constant
crack velocities with no regard to the magnitude of the remote load or initiation time.
Generation mode analysis of constant crack velocity data showed OD values to vary
according to initiation time : an early Initiation resulted in lower initial value of GD which
increased as the crack propagated until it reached a higher level, Late initiation resulted in a
higher initial GD value which decreased until it reached a constant low level.

These results, indicating a non-unique crack realsitance - crack velocity relation, are currently
being checked by conducting additional experiments and by using an improved FE
viscoelastic analysis.

Schematic view of the G-PE duplex sample
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ADVANCED TESTINO METHODS FOR ROTATING DISK IMPACT MACHINES

K Kussmaul, T Demler and A Klenk
Staaal. Materialpruefungsanstalt (MPA), University of
Stuttgart, Stuttgart 80, PRO

1. INTRODUCTION

Since the pioneering work of Mann reap. Manjoine and Nadai
rotating disk impact machines have essentially contributed to
the exploration of the behaviour of materials under dynamic
loading conditions, especially for strain rates between 10
l/s and 2000 1/s. Today's decreasing interest in the rotary
impact test technique is rather astonishing, as rotating disk
impact machines cover the upper range of strain rates which
are of relevance in civil applications and can be used for
tensile, compressive, bending and fracture mechanics tests.
The paper focuses on tensile and fracture mechanics tests.
Besides a standard machine (disk diameter 720 mm, maximum
rotational energy 600 kJ), MPA Stuttgart disposes of a high
energy machine with a disk diameter of 2000 mm and a maximum
rotational energy of 33 MJ at a circumferential velocity of
150 m/s. When the specified testing conditions are estab-
lished, the specimen is computer-controlled slewed into the
path of the claws by a fast acting pneumatic cylinder. The
lower bound of possible specimen dimensions is defined by the
bending stress resulting from the slewing motion. The upper
bound is established by the distance of the striking claws.
At the moment this is equivalent with a test section diameter
ranging from 6 to 20 mm for round bars and a thickness of 10
"or 15 mm for compact tension (CT)-specimens.

2. TENSILE TESTS

Little attention is generally paid to the fact that an ideal
strain rate function e - const. cannot be realized by
servohydraulic rigs or rotary impact machines. For the latter
the strain rate can only be controlled via two parameters:
- the circumferential velocity of the disk
- the load-deformation characteristic of the damper which is

situated between claw and anvil in order to couple both via
a semi-plastic impact.

This characteristic depends strongly on the geometry and the
material of the damper and defines at which time during the
deformation process the specified strain rate is reached and
to what extent disruptive oscillations cesulting from the
acceleration of specimen and anvil are present at the load
measuring points. This represents an optimization problem, as
a long acceleration period is coupled with a reduction of the
oscillations. The formation of an upper and lower yield point
provokes a sudden increase of the strain rate exceeding the
specified value, whereas in the beginning strain hardening
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rang. a rather constant strain rate can be found. Whilst the
Selastic strain rate is dominated by the damper-character-
istic, nhe plastic strain rate is governed primarily by the
"circumfexent al velocity of the disk. Materials with a
continuous transition into the plastic range, e.g. high
strength steels, do not exhibit these problems. On the;other
hand, a strain rate in excess of 1000 1/s cannot be applied
to low toughness materials as fracture already initiates
during thee acceleration stage.
Investigations of several fine-grained ferritic steels have
proven thie applicability of the following test procedure. The

oad app;iied is measured at the specimen itself, as load
cells or jixternal dynamometers cannot provide reliable load-
time-grapkil. Two dynamometer sections are instrumented with
two strain gages on opposite faces to compensate for bending
effects. The strain is measured via post-yield strain gages
which csr be used up to a temperature of 3006C and provide
strains in excess of 20% if properly installed. in the strain
hardening range the strain can also be deduced from the
displacement of the anvil. For that purpose a bar code is
attached to one side of the anvil and a fast acting scanner
is installed.

3. FRACTURE MECHANICS APPLICATIONS

Besides double-edge notched tensile specimens CT-specimens
are suited to be tested in rotary impact machines in accor-
dance with ASTM E 399/813. This requires information about
the load and the load line displacement.
According to a proposal by Krabiell the load is measured via
strain gages which are attached in parallel to the crack path
on the top and bottom side of the specimen and which are
calibrated quasi-statically before the dynamic test. With
growing plastic deformation an increasing deviation from the
linear interdependence between the strain gage signal and the
load applied can be observed. These calibration curves can be
evaluated experimentally for static loading conditions only.
However, this is not useful, because in this case the

Iinfluence of the dynamic stress-strain-curve cannot be
modelled. Therefore the dynamic calibration curves are
calculated with the finite-element-code ABAQUS and dynamic
stress-strain-curves. The analyses made obvious that the
strain maximum is located perpendicular to the crack tip and
that other strain gage positions exhibit a linear relation
between load and strain gage output up to higher loads.
For the measurement of the crack opening displacement in the
load line clip gages or other conventional inductive or capa-
citive displacement gages cannot be used because of their low
natural frequency. Therefore the luad line displacement is
measured via an opto-electronic sensor based on the scanner
principle. It offers the advantages of low additional mass,
high bandwith and low costs. According to a proposal by
Giovanola, strain gages are attached to the crack tip near
field for the detection of crack initiation. Test results on
fine-grained ferritic steels and ductile cast iron are
presented.
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Automatic Analysis of Strain Rate Distribution by
High Speed Video Camer, and Orid Method Using Fourier Transform

Y Morimoto, Y Seguohi and M Yamashita

Department of Mechanical Engineering, Faculty of Engineering Science,
Osaka University, Toyonaka, Osaka,ý560 JAPAN

ABSTRACT: A high speed digital video camera is developed by using a
new MOS type solid state image sensor. The digital image taken by the
"high speed video camera is analyzed by an image processing program on a
personalcomputer. In order to analyze strain rate.distribut4ion, a new
grild method using Fourier transform is developed. By using thii
method, the displacement, velocity, strain and strain rate distri-
butions of an unloading wave propagating in a rubber tube are analyzed.

1. HIGH SPEED VIDEO CAMERA

A system of a high speed video camera is made with a now MOS type solid
state image sensor (Hitachi Ltd. HE98246, image size: 649x491 pixels). It
is possible to change the area size for output into any size using soft-
ware. As the selected area becomes smaller, the frame speed becomes
higher. The maximum frame speed is about 300,000 (ideal 10,000,000)
frames/sec. In this case, the frame size is only one pixel. The frame
speed or image size of this video camera is controlled by a personal
computer. The signal from the vertical output line is stored in IC
memories by using an A/D converter or stored on a video tape recorder. If
the image signal is sent to the same IC memories by cyclically rewriting,
the desired images are stored by sending a trigger after the occurrence of
the phenomenon.

2. PROGRAM OF IMAGE PROCESSING ON MICROCOMPUTER (PIMPOr.)

In order to analyze the image taken by a video camera, a wide use program
on a personal computer (NEC Corp. PC-9801VX, CPU 80286) has been devel-
oped. The image size is 640x400 pixels with 16 (4 bits) of 4096 colors.
It is not necessary to use any special hardware for image processing. It
has a lot of menus such as region set, disk access, value transform, onp
and two dimensional mask filtering, thinning, geometric transform, printer
output, process repeat, graphics, imago input by an image scanner, Fourier
transform, Hadamard transform, histogram etc. The processing speed is
very high, because each menu is written by a machine language and these
menus are combined by a BASIC program, For example, mask and geometric
transform is processed in about 6 seconds, respectively. Value transform
is processed in about 3 seconds. This processing time is for the case
that the image size is 640x400 pixels. The processing time is In
proportion to the inverse of the area size.

3. STRAIN RATE ANALYSIS OF UNLOADING WAVE PROPAGATING IN RUBBER TUBE BY
USING FOURIER TRANSFORM

This high speed video camera is applied to analysis of stress wave
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(a) Original Image (h) Fourier specta of Fig.(a)

~amnti~ib i (mm Cd tanD~rB~.ion (Ws".c)
(C) Displu(ment Dtstrib,•tOn, ..

(e) Velocity Distribution (M) (f) Strain Rate Distribution (0isec)
Fig. 1 Analysis of Unloading Wave Propagation in Rubber Tube

propagation in a rubber tube. A grating is painted on the tube surface.
When the rubber tube is stretched and cut, an unloading stress wave
propagates in the tube. The one dimensional behavior of the unloading wave
is imaged by the high speed vrjico camera.

In order to analyze the displacement, strain, velocity and strain rate
distributions of the tube, new moire and grid methods are developed by
using the Fourier transform of' the image of the deformed grating on a
material. The basic procedures required In this analysis are as follows:
(1) Sampling of a deformed grating by a TV camera.(Fig. l(a))
(2) Discrete Fourier transformaLion of the image.(Fig. l(b))
(3) Extraction of the first harmonic of the spectra.
(4) Inverse discrete Fourier transformation of the first harmionic.

(Generation of the complex grating pattern)
(5) Computation of arguments of the complex grating.
(6) Computation of displacement from the argument.(Fig. 1(c))
(7) Computation of strain by differentiating the displacement.(Fig. 1(d))
(8) Computation of velocity by differentiating the displacement(Fig. 1(e))
(9) Computation of strain rate distribution by differenciating the

velocity.(Fig. l(f))

The analysis is completely automated by digital image processing. All of
the laborious and subjective procedures required in the conventional
analysis such as fringe sign determination, fringe ordering and fringe
interpolation are eliminated permitting objective, fast, and accurate
analysis.
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BUaxial Strain-iRace Controlled Viscoplastic Experimients on Cruciform
Specimens of AISI 31611 up to luu/S

C. Albertinix, M. PHi•unuvixW* and M. Montagiianim

it CE(-Ji(C, Ispra Establishment, 21020 Isp~ra (Va) - Italy
"WwSvetozar Markovic University, Kragujevac -,Yugoslavia

Predictions of classical and recently formulated generalized constitutive
,models for metallic materials have been up to now scarcely compared with

the results of valid multiaxfal experiments. We refer here to tension-
tension experiments and to their numerical simulation, realized at low and
medium strain-rate using a cruciform-specimen.
The experiments have oeen performed at an electroqechqnical biaxial
testing device with strain-rates range [lU'4, 1U-i2s-I as well as al a
hydropneumatic biaxial testing device with strain-rates range (10-1,
102s-I. A blaxial cruciform specimen has been used which was instrumented
by a photoetched fine grid with 400 cross-prints over the 4pper.side of
the gauge fleld whose displacements have been recorded by perpendicular
filming duringtests. From the bottom side at, the centre of the gauge
field a thermocouple as well as a three-fold strain gauge rosette have
been fastened. A code used either total strain record from strain gauges
(up to 2%) or from grid measurement (from 2% up to rupture) as well as
temperature and force (i.e. stress) measurement. in order to find all
components of plastic strain tensor and plastic strain rate tensor as
functions of time. AS measure of directionality correctness the
experimental plastic strain rate direction in Xl,X2 plane, i.e.:

tgb - Epll/p22

has been compared with the values:

g12T-T22 I I -T22

predicted by theories of Perzyna (with 141ses yield uNOCLion) and Cernocky-
Krempl, respectively, where Lp plastic strait: rate tensor, T stress-
tensor, v Poisson coefficient.
Owing to inevitable compiexity of the cruciform specimen used in the
experiments a preliminary finite element stress-strain/strain-rate
analysis has been dune for a number of proportional strain-rate controlled
paths using th2 computer code ABAQU.
The finite elements calculations predicted a homogeneous strain
distribution over the constant thickness central part of the cruciform
specimen. These predictions, having a qualitative character due to the
rough approximation of the material models irmplemented in the code, have
been quantitatively confirmed by the experiments at low and medium strain
rate. The homogeneous strain distribution over the constant thickness
gauge section during the whole test already dewonstrates that the applied
loading is uniformly distributed by the armfingers of the cruciform
specimen. A further direct verification of such feature has been obtained
by the strain measurements on the armfingers, which remain elastic, during
the test. The armfingers of the cruciform specimen distribute uniformly
the applied loading to the constant thickness central part of the
specimen. This fact and the homogeneous strain distribution over the
surface of the central part confirm that the constant thickness central
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part of the cruciform specimen deforms in a homogeneous tensional plane
stress state. Furthermore the experimental set-up permits the measurement
of the components of stress andt strain tensors along the principal
directions. Therefore Lhe conditions are satisfied for tLhe correct use of
an equivalence criterion for the evaluation of the material
characteristics from biaxial experiments. The Huber-Mises equivalence
criterion has been used for constructing the equivalent stress-strain
curves which have been determined at low and medium straiin-rate.
The equivalent flow curves at low strain-rate show strain hardening; the
uniaxial and the equiluaxial flow curves are practically coincident up to
large strain values while the equivalent flow curves corresponding to the
other straining paths lies under the equiblaxial flow curves already at
small strain values.
In the plane of the stress deviator, the initial yield stresses,
determined both from temperature minimum and from 0.2% of equivalent

'plastic strain defihition, practically lie on Mises circles.
Strain-rate hardening has been observed in case of equiblaxial straining
at me~lium strain-rate.
Divergence has been observed between the straining directions determined
from experiments and those predicted by some constitutive models.



Plastic Flow of a Ferritic Mild Steel and a High Strength Austenitic
Steel under Dynamic Biaxial Loading

K. Stiebler, H.-D. Kunze, E. Staskewitsch

Fraunhofer-Institut fUr angewandte Materialforschung, IFAM,
Lesumer Heerstr. 36, D-2820 Bremen 77, W. Germany

The increasing use of computers in the area of technical design and optimal
utilisation of materials require a better understanding of the material
behaviour at its specific loading types and in addition its mathematical
discription. Especially in the field of multiaxial loading under high rates
of deformation were only limiteJ data available. To expand this data base
two testing rigs were designed and built to investigate materials under
these loading conditions.

With a hydraulic apparatus, thin-walled tubular specimen were simultaneous-
* ly loadId by two normal stresses up to elastic strain rates in the range of

10-1 s- . The normal stresses were combinations of either tension/compres-
sion and internal/external pressure. Higher strain rates of 102 s- 1 were
reached with a modified split Hopkinson bar which allowed simultaneous com-
bined tension and torsion stresses, to be achieved.

Both experimental set-ups were used for the quasistatic and dynamic Inves-
tigation on Ck 35 ferritic mild steel. For this material, yielding is de-
fined by the lower yield point. Results of the tests with two normal stres-
ses in axial and circumferential directions show for both elastic strain
rates Et = 10-5 s-1 and te a 10-1 s-1, a very good agreement in the first
quadrant between the experimental yield points and the ellipses predicted
by the von Mises yield criterion, fig. 1. The results in the second auad-
rant differ somewhat from this criterion. Under combined tension and tor-
sion loading the yield points fylfill the Tresca yield criterion for both
the quasistatic (te ý 2.10-5 s-1) and the dynamic (ýe = 3.101 s-I) biaxial
tests, fig. 2. Consequently, the yield criterion changes with the nature
of load. The yield points of the dynamic tests showed higher stresses than
the quasistatic one.

The yield loci of the quasistatic and dynamic combined tension-torsion-
tests of an austenitic steel are described by ellipses which correspond to
different proof strain definitions of yielding, fig. 3. This figure shows,
that the size and the shape of the yield loci are-fuinctions of strain and
strain rate. Fo--low plastic strains and plastic strain rates of

a a 10- 3 s-1 the yield points are in a good agreement with the von Mises
yield criterion. Whereas for large strain and strain rates (qP 102 s-1)
the yield loci tend towards the Tresca yield criterion.



The results of these investigations on the behaviour of materials were
used in the calculations to allow realistic simulations. For the descrip-
tion of the quasistatic and dynamic tension-torsion behaviour of the auste-
nitic steel, Perzyna's constitutive equation was choosen. It includes a
yield criterion as a function of strain and strain rate tind a function
which incorporates the dependence of flow stress versus strain rate based
on thermal activation. For specific measured strains and strain rates the
solution of the constitutive equation results in the associated stresses.
These calculated stresses are In a good agreement with the measured stres-
s's for all uniaxial and biaxial tests.
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The Use of Microscopically Based Constitutive Models in Explosive Metal
Defarmatiori Modelling St~udies

P Church
I Cullis

ABSTRACT

'fie nLMeriCa1 modelling of' warheads anid thelir terminal effects
requires an accurate description of material1 behaviourV under the varyIng
load conditions eassc tatod with iubock. waveri and tho v'owiliting

hydrodynamic and plastic deformaltion, i'hoir accuracy, however, is
limited by the consitit.utive relat~ion and theý tbilit~y of' the equati on
of stote to predict the physical state variables associatod with these
complex stress conditions.

There are 3 main merhanisiii which affect the way a mater'ial deforms
under high str-pJn rate explosive loading. Thirse are work-hardening
effects, thermal sof'tening effects arid shook hardening, They are all
influenred by grain size, strain rate, phase changes, and impurity
concentrations. Ul timately, therefore, the cons titu ti ye model must
be able to describe dynamic, path dependant plastic (lefot'mati.Lon over
a wide range of temperatures arid mateviel conditions.

Recent: work by Foll1ans bee onl copper. ( 1 986) rmd Arinse rong-Xeril ii on
Iron and copper' (1986) hv;at it empted to deisrrihe maer oialI. behaviour
at high strain vtj; using, dislocation mocninnies. the Ai'mstrong-Zerilii
mtodel derives flow sltruss as a f'unction of straina, Ioermper'ature , strain
rate acid grain size and distingutehes between face-centr-ed cubic (eg
copper) and body centred (rub1ic IM1terials (eg iron). Account is also
taken of' the Influence of' solute material and the original dislocatilon
densi ty.

The Arastrong-Zer-ilii noL uy model has been in HExplosively Formed
Projectile (EFP) calculations arnd compared with a semi-empirical
cons;.ituit Le model1, where high strain rate behaviour' is described by
a semi.-empirical work-burdening curve andI a thermal softening curv-.
Two EFP designs, using ran Armnco Iron Liner, based (;n different perfoirmance
m IlIt ary explosives8 (Cc! oJI and fomposition i $), hove be Pn modell Ied ain
the OYNA2D hydrocode. The semi-empiri~cal model and toie Armstrong-
Zerilli model with the con'rect grain size (25 um) give the same order
of agreement in terms of describing the cxper~mnutallyv observed EP'P
pr"Aiectile profilen. Changing the grain size to 120/um gives better
agreement for the Armstrong-Zerill1i model for both designs.



f

['For the ,emi-empirical model the determi',ation oi' the thermal behaviour
or the fl6w otrees is rostricted ,to r simple comparison with an experimental
profile. SiAce thoEFP is crucially depend~nt on this thetmal behaviour
of' the flow areao, this represents a serious drawbac~k, .r a pr dotive
capability i5 required. Therefore the semi-empirical model can only
be considered a first orcaer material model.

The theoretical models do try and account directly for the complex material
mechanisms by dislocation mnchanics, though at present no description
is provided for shock hardening, twinning nr recrystallisation. The
results so' far give encouradement in trying to describe the"complex
internal mechanisms In EIFPs, This is vital if one is' trying to understand
the sensitivity of material properties in defining rlasign ervelopes.

In conclusion, therefore, the eami-einpirical models are onlj adequate
for first orde4r effects (experimental profilen, velocities), whereas
the theoretical type models •how greit promlse in also'understanding
second order effects associated with thp complex internal deformation
mechanisms in EFPs. More work id required in refining those theoretical
type models.
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Analysis of the Strain-Rate Soteitivity at Ifigh Strain Rates in FCC ant

BCC• Metals

aul SFollansbee

Los Alamos National Laboratory, Los Alamsos, NM, 87545, USA

A.oon•titutive formalism for deformation over a wide range of straLn
rates, temperatures, and strains his been applied to several pure jfcq
matls rand to several fcc alloys. The formalism is based on the, use .or,
internal stateý variables and a phenomenological understanding of tbe
kinetics of dislooetion glide, dislocation storage, and dynamic recovery.
In the mechanical threshold stress model, the applied stress (the yield
stress) required for deformation in a given state is written as a
combination of an athermal component, as, and several thermally activated
components as

r n(u - ua)r" siT j~ . (1)

where C, gives the mechanical threshold stress that characterizes the
interaction of dislocations With obstacle i, s. specifies the kinetics of
those interactions, n is the number of separate obstacle contributions,
a and r is a power that accounts for the interactions between different
types of obstaclks (l<r<2).

-Experimental techniques have been established to measure the internal
state variables and the activation energise tha.t characterize disloca-
tion/obstacle interactions. These techlIques involve mipasurement oF the
temIperature .ind strain-ratre dependsnt: yie Id stress in samples deformlle d
according to various strain rate, strain, and temperature histories.
Because we are mostly interested in the behavior at: high strain rates, we
restrict our yield scre.s measurements to room temperature and below.

In pure fcc metals, dislocation/dislocatior interactiunis provido the on]y
thermally activated contribution to the flow stress, in addition to the
smell grain boundary component, which is considered to be athermal. This

simplifies thte rnatysis in that n-I and thus r-1 in Eq. (1). The study of
fcc alloys introduces the complexity of n>l in Eq. (1). In Ni-C al]oys,
for example, carbon goes to Interstitial sites which yields a more rate-
dependent strengthening contribution than found in pure fcc metals. I,
austenitic stainless steels the addition of inrerstitial atoms (e.g,, C,
N, 0) and substitutional atoms (e.g., Cr, Ni, Al) loads to strongly rate-
dependent deformation. Dislocation motion in a boc lattice is opposed by a
large Peierls barrier which leads to the strongly :-ate dependent yield
stress observed in metals with this crystal structure. The genoration and
storage of dislocations through strain hardening then gives a second
cuntribution to the flow stress in pure bcc metals. Thus, even pure bec
metals are complicated by ti-2 in Eq. (1). The combined contribution of
several strengthening mechanisms compliates the analysis. However, we



and1 *i~ *7,,,

can begin hy deftning two talcesee those eont:cibutionr twit'- evo.vq with
.atraiai a ,hose that are ipresats $n the &an'iealed'6onditiLa0'and wbtoh are
, asumed to remain constanM, with 1vrain. The former QPntribuArln to

Sohsidsraed.toý be due to the stored d|I#,location donsLty.

141

, •- • ~St~rain hsi 4l*l:5d/fla'• • ds t*.b an evnu#lt of, te s te •throu j_ L• not•aali• j=

Swho is the mechanical threshold streas thet characterizes disloca.
i/dillocatton interactions, • is the temperature and strain-ratej16 aprde, ,Oatiaratin Value" of 9 .'-'•d P^ ;8 te ,StaSe 1,1 hardening rate.Va hardening rate hd y beea considered to be a con-

stant (of order p/ 2 0 ), but out work in aopper (Follansbee and Kooks, 1918)
loc[''Vo the conclusion that when the strain rate is raised above 10s s,"",

• > , .v uhtoge II hardening rate becomes strongly strain-rate dependent, which
results in rapid hardening and high 'flow stresses, While the origin of the• -. '- .arain.v•apO.dependence of 0 remina,'- oil, a L-ontribution of this preosiwork s the . observation that the, behavior at high strain rates is

dominarted by this term, rather than by s(k,T) in Eq. (1) or U5 ,(•,T) in
Eq. (2).

The rapid dislocation generation rates observed at high strain rates in
copper and nickel may be a general phenomenon in, fcc metals, although
there is evidence in Nitronic 40 stainless steel that deformation twinning
can offset this effect. Work in bce metals is just beginning, Similar
trends to those found in fcc metals are observed in iron and 4340 steel.
In puce iron we observe that the rate of evolution is actually lower in a
sample deformed dynamically than in a sample deformed slowly.Metallographic examination of these samples showed the presence of
deformation twins in the former but not in the latter. The description of
deformation twinning, particularly the associated kinetics, the influence
on strain hardening, and the balance between deformation by twinning
versus that by glide,,represents a challenge for a complete deformation
theory for the high strain rate regime.
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CONSTITUTIVE PROPERTIES OF COPPER AND TANTALUM
AT HIGH RATES OF TENSILE STRAIN: EXPANOING RING RESULTS*

W. H. Gourdin

University of California
Lawrence Livermore National Laboratory

Livermore, California, U.S.A.

The electromagnetic launch technique (1] has been used to study the
properties of oxygen free electronic (OFE) grade copper and 99.9% tantalum
rings expanded at peak strain rates of Dursi, Outng the free
expansion phase, measurements of the ring deceleration using a velocity
Interferomater (VISAR) yield the flow stress, strain, and strain-rate
histories. Specimen temperature is inferred from launch currents.

The results for OFE copper, processed to yield uniform grain sizes
between 10 um and 150-200 um with minimal texture, bhow a sample-to-
sample variation of ±20 HPa. Experiments with rolled material, for
which the initial amount of cold working is uniform, indicate that
approximately half of this uncertainty can be ascribed to sample-to-sample
variations in the mechanical properties produced by non-uniformities In
the working prior to final heat-treatment. The remainder apparently
represents a limit imposed by the noise, electronic and physical, that is
characteristic of measurements of the speed of the external surface of
the specimen ring using the VISAR. Despite these uncertainties, however,
the constitutive properties of the 10 um and 150-200 pm materials are
clearly distinguished. While the flow stress of 10 pm OFE copper
increases from 280 MPa to 400 MPa for strains between 13% and 50% and
strain-rates between about 8000 s-1 and 3000 s-l, the stresses in
130-200 um material fall 75-100 MPa lower in the same ranges of strain
and strain-rate. These data agree well with Hopkinson bar data at
smaller strains, confirming the apparent effect of grain size. Simple
models in the literature [2,31 do not provide an adequate description of
the ring data, and comparisons to more recent dislocation based models
[4,5] are presented.

*Work performed under the auspices of the U.S. Department of Energy by
the Lawrence Livermore National Laboratory under contract number
W-7405-ENG-48.
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Tantalum specimens, because of their low electrical conluctivity,
must be launched with high conductivity."pusher" rings that are arrested
after ring acceleration. Ring date show virtually mo work hardening and
limited ductility (30% natural strain to failure) for 99.9% tantalum
having a grain size of approximately 100 um. The constitutive
properties obtained from ring tests are compared with the data and model
of Hogs and Mukherjes [6].

I. W. H. Gourdin, submitted to J os. =. MU.; see also R •gf-thi Interstional Confarloeg gon Doiact Lggdinca nd Dynlamic]
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Utrain rate dependence of mechanical behaviour and evaluation
of the microstruature of tunqaston monocrystals

L.W. Meyer, IFAM-Bremen, W.-Germany
and

C.Y. Chiem, ENSM-Nantes, Frances

SAbstrlc
STungsten monooxry~sts! were compresand in (110) -directions at

i ~three loading rates of i. 10"4, 100 and 102 " to investigate

Sthe strength, deformability, fracture mechanism and the micro-
: : structure. The very early transition from elastic to plastic I

} ~tungsten single cryistls. As a function of loading velocity

S this transition is reached between 20 and 100 MPa.lnitially

high deformation hardening is achieved up to 3 % deformation

resulting in a flow stress of 1000 MPa. Increase in strength

due to six orders of magnitude increase in strain rate results

in a flow stress increase of about 300 MPa. With a compression

strength of more than 1500 MPa at a strain rate of 102 s1 the

level of flow stress is remarkable. This is similar to that

of the sintered tungsten heavy metal alloys.

Transmission electron microscopy-discs parallel to the (011)-plane

were taken in the mid of the specimen, compressed at 12 - 16 %

reduction of height, to investigate the variation of the dis-

location structure as a function of the strain rate. Att = 10

the dislocation distribution in the (011) plane is very uniform

with numerous nearly straight screw dislocations parallel to the

< l1l> directions. With increased rate of strain toC = 10 s- 1in

addition to the screw dislocations edge and mixed dislocations

were observed. Also at this strain rate many of the dislocations

were tangled. Atj = 102 s-1 a cell structure is starting to form

in the (011) plane, but the main orientation of the dislocations

are still the <1il> directions. Dislocation density increases

with increasing strain rate. Comparing the increase of the flow

stress (due to the strain rate) with the dislocation density

change a logarithmic dependence is given.
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In contrast to sintered tungsten alloys under dynamic loading,
the monocrystal. fail at 12 to 14 % reduction of height by
shear failure. The shearing occurs in a planar area that is
diagonal to the loading direction. It is from this oriontation
that the TEM specimen ware taken. In the following loading,
high stresses in the radial direction ar~ise in the sheared,
fractured segments. The monocrystal is niot able to sustain
these stresses and a cleavage crack network occurs parallel
to the main crystallographic planes.



A Constitutive Description of the Deformation of Alpha Uranium Based on
the Use of the Mechanical Threshold Stress as a State Variable

I IP. E. Armstrong, P. S. Follanxbee, T. Zocco

Los Alamos NIational Laboratory, Los Alamos, New Mexico, 87545, USA

The deformation of Isotropic, alpha uranium over a strain-rate range of
l104 $,1 to 104 s8", a temperature range of 78K to 900K, and a strain
range to 0.6 is modeled using a constitutive description based on the use
of evolving internal state variables, The model is able to fit the
experimental results and data from previous measurements, although it doum
not include a specific contribution from deformation twinning. The model
assumes that for a given structure,ithe instantaneous yield stress is a
function of the current temperature, T, strain rate k, and mechanical
threshold stress, or

a^

a + G s(k,T))

where p is the temperature dependent polycrystalline shear modulus, a is
the mechanical threshold stress characterizing athermal dislocations
interactions and d is the mechanical threshold stress characterizing
thermally activated interactions. The functions s describe the tempera-
ture and strain-rate dependencies of each of these thermally activated
interactions. We have used the following form of the function s that has
been applied to dislocation/obstacle interactions:

r x (2)a - [" (• I (./yo) q / (2)

where k is the Bolt.zmann constant (..381x10) 2  MNmi/K), b is the Burgers
vector, g is the total normalized activation energy, io is a constant
(typIcallyolO s'l< i <1010 s'l), and p and q are constants (O<p<l:
l<q<2). To evaluate the Increase in mechanical threshold stress with
strain (strain hardening) we write

where B is the differential increase in the mechanical threshold stress,
0 is the initial (or Stage II) strain-hardening rate, and C is the

saturation value of the mechanical threshold stress. The Stage II harden-
ing rate is usually a constant, roughly equal to u/ 2 0. The Voce law is
obeyed when F-1 in Eq. (3). Key to Eq. (3) is the concept of a saturation

state, represented by a_, which is the temperature and strain-rate
dependent maximum threshola stress reached at large strains. Because the
initial dislocation density was observed to be very low, we separate the
mechanical threshold stress into three components,

= -. - _



S" +a ÷ +a ÷ (4)

whire P' is the initial value (8,-600 MPa), presumably due to the Peierls
barrier, and 9 is the contribution due to the dislocation density which
is evolving. Sqiaition (1) therefore becomes

.. . + ( , ) ^ + ], ,( )

where s is again given by Eq, (2),. In Eq. (4) and (5) only the A term

needs to be described using E4. (3). An integrated form of Eq. f3) wasr
used with the further-assumption of Voce law behavior (F-I), giving

in 6)L (6)

0A

The temperature and straln-rate dependencies of a and 0 were described

with an equation that had been used previously [A foce nPltals to describe
the temperature And strain-rate dependency of 9

in (A)- in (in ) + Lin 4+ (7)
Csso A C

A
where , A and a are constants. This equation has a physical inter-
oretation in descfbing a but its application to B as in

lnB-nB 5  + kT) (8)
S

is purely empirical.

The parameters in the above equations were determined from a fit to 200
experimental results (yield stress as a function of temperhture and strain

rate on samples prestrained according to various strain-rate, strain, and
temperature histories), Although the model can be made to agree with the

experiment-al data, its physical basis in uranium, where twinning is an
important deformation mechanism, is questioned,

Deformation microstructures are characterized using optical and
transmission electron microscopy. The general ohservation is that
deformation initially occurs primarily by deformation twinning, but that
with increasing strain there is a transition to deformation primarily by
slip. The effect of this transition on the proposed constitutive

formulation is discuss•rd and compared with the results of t']K analysis.
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Localization Analysis under Dynamic Loading

Y. Leroy* and M. Orniz

Brown University, Providence, RI 02912 USA.

A finite element method proposed by Ortiz et al. (1987) is used to study shear
biand formation in rate independent and rate dependent pressure sensitive solids
under dynamic loading.

This new method is characterized by the addition to the strain interpolation of
an extra mode of deformation carrying a suitable strain discontinuity. This
added mode of deformation permits to alleviate the overly stiff response of
isoparametric elements observed in problems involving strain localization.

Results concerning localization criteria are first reviewed. These conditions arc
pertinent to the set up of the added modes in the finite element method used here
as well as to the design of crossed triangular meshes.

4 For a rate independent solid, the analysis is based on the acoustic tensor defined
for Hlill's comparison solid (1958). Localization is possible as soon as a wave
velocity is found to vanish along some direction which defines the normal to the
incipient discontinuity. The wave polarisation vector determines the mode of
localization. For rate dependent materials wave velocities always remain real.
Nevertheless, loralization is observed for such material in the form of unstable
growth of, for example, shearing mode of deformation, Marchand and Duffy
(1987).
Using a lincarized instability analysis, Molinari (1987), Leroy and Ortiz (1989)
have determined necessary conditions for the earliest possible localization
instabilities. The main outcome of such analysis is that th- first possible
instabilities, i.e. those which grow infinitely slowly, can be recovered by
considering the inviscid limit of the constitutive model.

As a first example a single clement problem is presented in order to motivate the
necessity of a specialized clement when dealing with localization. Delay in the
localization process when rate sensivity of the solid is increased is also observed.
Next we turn our attention to the dynamic response of frictional solids. The
constitutive description adopted in the calculations is of the Drucker-Prager
type with a monotonic hardening law on the friction angle up to a saturation
level. The dilatancy angle is taken to be null throughout the analysis, rendering
the plastic response non-associative. We consider a rectangular sample of
material constrained to undergo plane strain compression. Velocities are
prescribed on its upper surfacec following a ramp variation in time. The final
impact velocity is of the order of 1/1000 of the elastic longitudinal wave speed.

* Presently at Koninklijke/Shell Exploratie en Produktic Laboratorium, The
Netherlands.



Several tests are conducted for a rate independent model and a rate deperident
model based on a linear overstress viscous law. These results are compared with
the static and quasi-static analysis.

The most striking difference between the quasi-static and the dynamic solutions
concern the geometry of the shear band. Whereas under quasi-static loading a
single shear band emerges in each quarter of the specimen, a network of bands
Is seen to arise under dynamic loading. Shown in fig. I is the distribution of
effective platic strain for the dynamic rate independent case. The introduction
of rate sensivity has s~veral effects on the solution. Substantial delay in the
localization time is observed as well as a broadening of the shear band away
from its nucleus.

A noteworthy outcome of these computations is the fact that the geometry of
shear bands, both as regards their thickness and spatial distribution is quite
sensitive to rate dependence and inertia effects. These results raise questions on
the prospects for describing the thickness of shear band by means of a single
parameter, a feature common to many non-local and generalized continuum
theories.

References:

Hill R., 1958, J. Mech. Phys. Solids, 6, pp 236-249.
Leroy Y. and M. Ortiz, 1989, Int. J. Num. Anal. Meth. Geomech., in press.
Marchand A. and Duffy J, 1988, J. Mech. Phys. Solids, 36, pp 251-283.
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Ortiz M., Leroy Y. and Needleman A., 1987, Comp. Meth. Appl. Engr., 61,
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Fig. 1: distribution of effcctive
plastic strain for the rate
independent dynamic tcst.



Simul.ation ol Hligh Strain ' tHate Ell( Is
With Mi C ro-Computers

Dr. Stevun SegleLes
Dr. J. A. Zukas

Computational Mechanics Consultants, Inc.
8600 Le Salle Road

Suite 614, Oxford Building
Towson, Maryland 21204

This paper describes the development and application of a computer program
for the study of materials response to short-duration loading, i.e.,
situations where wave motion in the material due to impact, explosive
loading or energy deposiLion must be accurately tracked.,

Wave propagation codes were originally developed to solve problems charac-
terized by:

a. the presence of shock waves (alternatively, steep stress or velocity
gradients)

b. Localized materials response (i.e., situations where the overall geo-
metric configuration of a structure is of secondary importance compared to
the constitution and characteristics of the material in the vicinity of
the applied load)

c. loading and response times in the subinillisecond regime.

Characteristics of computer codes to solve these problems have been dis-
cussed by Zukas (1982, 1987) among others. Excellent results have been
obtained with wave codes involving many different materials in engineering
designs with very complex shapes. Good acc iracy has been achieved, in
comparison to exa(L solutions or with experimental results when the
materials involved ate ver. well known and r haracterized. When this is
not done, when the codes are used as black boxes with engineering mat-
erials which are not well. understood or characterized, it is not uncommon
to obtain qualitatively incorrect solutons, ioe., garbage in, garbage out..
The greatest limitations on accuracy in •ave p)ropagation calculations are
the maLerial descriptions embodied in Lhe constitutive equations, particu-
lariy with material failure. Equally important is the requirement that
the material data (the various coefficients of the constitutive description)
must be appropriate to the characteristic time scal- of the problem studied.
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The Zeus code Is a 2-D explicit Iagrangian tfini.t c lement, code originally

designed to operate in the PC or MS-DOS environment. Bin,'oue, of its ex-
plicit integration scheme, it is best. suited for high velocity impact
situnf. inns although nolhing in trie physics of the formulat icn inhibits its
use for low velocity impatcts. As a general. rule, though, pr oblems which
fail irt o the structural dynamics category - situatrions where Lhe response
is measured in a time frame ot mil liseconds to seconds and where both the
geometry of the structure as well as the material constitution must be
considered - are best addressed with codes employing implicit integration
schemes. A ZeuS simulation Lan model objects involving up to ten isotropic
inert and five explosfve materialls simultaneously. The expandable material
library maintained by the ZeuS interactive pre-processor permits material
characteristics to be stored for a virtually limitless number of materials.
Within the 640 kbyte environment of MS-DOS, ZeuS permits simuiations in-
volving 2500 nodes and 4500 elements. The node and element state variables
are contained completely in RAM memory, thereby eliminating the need to
engage in time consuming, inefficient, disk-swapping of data. Pre- and
post-processing modules are a standard part of the ZeuS package, and make
the tasks of defining a simulation and graphically displaying results
straightforward. The post processor supports graphical display on the
standard IBM (and compatible) graphics adapters: the CGA, EGA and VGA.

The normalized speed of computation varies with -everal factors, including
the type of PC machine, the amount of contact processin:g required by the
simulation, and the size of the data bus anticipated by the compiled ZeuS
code (e.g., 8, 16, or 32 bit code). At the low end, a ,.77 MHz IBM-PC/XT
(8 bit code) runs at a normalized speed of processing inherent in the
computation. On the other hand, ZeuS, when compiled for 32 bit 80386
machines, and running at 20 MHz processor speeds, can achieve normalized
speeds under .003 seo/(c ycle note). Such computational speeds for codes
of this variety are typically found ol y on mainframe computers. Addition-
ally, when employing the PC's 16 or 32 bit protected modes of operation.
RAM storage of state variables may exceed 640 kbytes, th.reby alAnwing
simulations to be run which use much more than 2500 nodes; and 4500 elements.

Resu Its of caiculat ions are lr entled for hypi rve I oc it. y'i ,ilpic t., perforation
of f'inite plates by long rod projecti les at ordnance velocities and Taylor
anvil impact situations. Good agreement is shown with o.,perimental data,
where available.



Stability Conditions for Simple Shtarcig

A. S. Douglas
H. Tz. Chent and
R, Malek-Madani

Since few physical events lead to simple shearing with homogeneous
fields, it is important to investigate the stability of shearing motions which
are inhomogenteous. Experiments which examine shear localization using
torsion of thin cylindrical specimens usually have thick sections adjacent
to the thin test section in order to grip the specimen. These thick sections
act as large thermal masses, causing significant heat transfer from the test

section into the thicker section. This cooling of the edges prevents local-
ization at the interface but it also ensures a nonuniform temperature field
and (because of the nature of the material constitutive law) velocity field.

The problem considered here is that of the shearing of a thermo-visco-
plastic material in which the effects of heat conduction and material inertia
are included explicitly. Just as in experiments, the inhomogeneous fields
arise because heat is conducted from the boundaries giving rise to a non-
uniform thermal field, which dictates a non-uniform velocity distribution.

A perturbation method is used to examine. the stability of the steady
solutions to the governing equations. Sinco the resulting set of partial dif-
ferential equations have spatially dependent coefficients, an integral method

is used to establish criteria for the existence of steady ý:olutiotn-. Three dif-
ferent, materials laws are examined and( conditionts for stable steady motions

are obtained.
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N ICHOSII1UC'URE TNANsFOHM4AT I NS I N PtJUtE POLIYCRI STALI. INE a-TI TAN IUN UNDER
STATIC AND DYNAMIC LOADING~.

S. LECLERCQ. C. NGUY. P. I3ENSUSSAN
ETABLISSEMENT TECHNIQUE CEKTRAL, DE L'ARMEMENT

16,1113 AVENUE PRIEUR DE LA COT D'OR
94114 ARCUEIL CEDEX FRANCE

To understanid t it mechari twin (it' do torltio wit) ftletals of hexagonal
I: 's tn) structure, 'ompresw ion te!;ts hatve bieen periformed at. strain rates
inl tIl hI' r'uge 1'.) r ()m 4t to 10, s lin commerc:i ally pure t. 1tan turn
annealIed one hour' at 700%'. 'No do tot-mat ion modes have been observed to
be active: slip and t~winning. The object. of' this study is to :analyse the
erffeit. Of' Strrain rati' and specimen or'iotauttion on sl ip and twinning
o(u(:cWtCjIP Transminssion vl ct rol arid t.p)t icanit mcroscopy observations
have btg'n perf'formed in order' Lu es tab i is )it retlatijonsh ip between
mac rosco piec and sic:ros('op il phenomi.n a.

MECHIAN ICAL mPIý)PKwr i,'s

ittreýS4-iit [,;Lll (:lirvi'M Ai't' ui r~dor 41.titcu and dyniamic
(:,)nd ito4h. Ncvor.'r l.' rI i *tei ow striess requii ret lto obtain a given
di-l'ormit ion is lowe'- tinder' qtat. it Clud it io(IS) thatl Utttbr dtynamic ones.

The specimen orientation appears Le' have ant irifluence on the
me'chantical properties under dynamic as well as .4tLat icr conditions,
(;ompr~ssi onti a long SI' and LT direectLions l eadl to titots ame' f'low stre.49
flo w tr f.ss i s lower when tlti.' load inrg ax is i s parallel to thle
direct. ioii.

MI CIWSTROCTURAI, (11AHACKR I ZA''I ON

The m icrostruc tutal study reveral thant twitinning is an important
def'ormation mode riven at room tomperature. F'raction of twinned grains
increaser, with deformation and strain rate, The niumber of twins in a
given grain ificreases also with strain rate.

Transmission electron microscopy allows to analyse thle dislocation
network, For both static and dynamic specimens, dislocations are
arranged in bands. The mean distance between two walls is about 4 pm.



CONCLUSION

The flow stress increase with strain rate can be explained by a
change in the mechanism which controls dislocations motion, twinning can
also have an influence but its participation to the deformation is not
yet well understood.

Active twinning or slip modes is not the same for all the specimen
orientations. Easy glide are predicted to be predominantly prismatic in
L specimens, basal and pyramidal in the LT and ST specimens. This can
explain the different mechanical behaviour of the L specimens.

.Al.



S QUENCE OF, THE DEVLOPMENT OF DEFORMAT::ON STRUCTURE OF Al AND Cu

SINGLE CRYSTALS UNDER 0.5 MBar and I MBar SHOCK LOADING

M.A.Mogilevsky, L.S.,ushnev

"Lavrentyev Institute of Hyarodynamics

Siberian Div$sion of the USSR Academy of Soiemces

Novosibirsk $40090 USSR

1. The plastic deformation under shock loading may take place

at the compression front on exposure in the state of peak compressi-

on and unloading. Some peculiarities of shock deformation were reve-

aled earlier Ill by examining the twinning structure (compression and

unloading systems, sequential activation of different systems, a full

time Of compression at the front). The dislocation structure develop-

ment has not been investigated systematicaliy.

2. The shock loading of single crystals of Cu under 1 MBar and

Al under 0.1 to 0.5 MBar at 770 with a 1 to 2 % residual deformation

has been realized.

3, As far as. the dislocation density is concerned, the well-

known results on oscillographic shock front iVi4th in Al under 40 GPa
and in Cu under 100 GPa 121, being about 1 to 3 ns, allowed estimating

the density of moving dislocations at the front. 1I is in a signifi-

cant excess of a full density of dislocations in the recovered speci-

mens, that is indicative of the pronounced rearrangement of the struc-

ture.

4. The polygonal structure formation ir. A! at the final compres-

sion stage and during exposure is attended with dislocation reactions

and decrease in dislocation density. The role of interaction between

dislocations of different systems is also confirmed by the analysis

of the dislocation structure of Cu under 5 GPa and by a computer si-

mulation of the behaviour of the crystalline lattice under a high

one-dimensional deformation 131.
5. In the shock-loaded A; and Cu, there were revealed specific

defects, such as long ( up to hundreds of microns) strips of defor-

mation formed during rarefaction, where an intense deformation was

attended with disorientation). A lower microhardness of Cu in the strip

and lower dislocation density make it possible to interpret them as

adiabatic shears, which were not previously observed in copper.

Ill Mogilevsky M.A. , Physics Reports,1983, v.97, No. 6, 357.

121 Chhabildas L.C., Asay J.R., J.Appl.Phys., 1979, v.50,, p.2749.

131 Mogilevsky M.A.,In: Proc. Int. Conf. on Impact Loading and Dynamic

Behaviour of Materials, Bremen, 1987.
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MECHANISMS OF DISLOCATION MOTION IN 7075.T73 ALUMINIUM ALLOY

AT STRAIN RATES AROUND MY',s.

C 0 BURSTOW, M C LOVELL AND A L RODGERS

The Royal Military College of Science (Cranfield), Shrivenham, SWINDON,
Wiltshire, England,

The testing of aluminium alloys at strain rates below 103s" has led to the
consensus that the dominant deformation mechanism is thermal activation of
dislocation movement. While at higher strain rates there is some indication of
viscous drag effects. Our results on 7075-T73 do not fit this picture.

Results for this alloy at strain rates around 104s" were reported by us at
Bremen in May 1987. These were obtained using a Direct Impact Hopkinson Bar
(DIHB). The DJHB is however limited at high strain rates by its time resolution
of about IMS. To extend our results to higher strain rates we have constructed a
Plate Impact Facility (PIF). Using a compressed gas gun and quartz piezoelectric
stress transducers a time resolution of 12ns has been achieved.

To obtain as much information as possible from each shot the following
arrangement is used, A loading plate strikes a specimen of the aluminium with
a quartz gauge mounted on its rear surface, The stress wave, induced by the
impact, is measured by the gauge after a single transit across the specimen. Theseparation of the elastic and plastic wavefronts during this transit allows the
Hugoniot Elastic Limited (HEL) to be observed.

Measurements of the HEL for 7075-T73 have been made over the strain rate
range 6.6 x 10's"t to 4.9 x 106s" at ambient temperature. The results correlate
closely with our earlier DIHB data and continue to show no significant strain
rate dependence. It is concluded that for strain rates up to 5 x 10ss"t and
temperatures of 200C or above the limiting factor controlling dislocation motion
is not thermal activation but the athermal back stress.
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EFFECTS OF GRAIN SIZE AND STRAIN RATE
ON THE MECHANICAL RESPONSE OF COPPER

David M, Lassila
University of California

Lawrence Livermore National Laboratory
Livermore, CA 94550

ABSTRACT

The flow stress of copper is known to increase with decrease in grain size and this behavior
can be described reasonably well by the Hall-Petch expression;

a(&) - co(e) + k(e)d" ' (1)

where o() is the tensile flow stress, (70c) is a constant (sometimes referred to as frictional
stress), k(c) is the Hall-Petch constant, and d is the average grain diameter. The Hall-Petch
relationship is empirical, however, some authors have suggested various mechanisms to
explain the dependence of the constants on material chemistry and microstructure as well as
loading conditions. Thus far all work in this area has indicated that the constant k(g)
should be, as a first order approximation, independent of deformation rate.

In this study the effects of grain size and deformation rate on the flow stress of OFE copper
were examined. Testing was performed in compression at ambient conditions at strain
rates from i0'1 s"1 to 5 x 101 s.;. Testing at different strain rates allowed the dependence of
the Hall-Perch parameters on strain rate to be examined, The effect of various
crystolographic textures on mechanical behavior was also examined. The findings of the
study are as follows:

I Decrease in the grain size caused an increase in rlow stress. The observed
dependence of flow stress on grain size was found to be consistent with the Hall-Perch
relationship. The Hall-Petch Parameter k(e) was found to be independent of strain up to a
strain level of 20%.

Results of the study suggest that strain rate does not have an influence on the
proportional relationship between flow stress and griin size, ie.,, the Hall-Petch parameter
lc(F) is not strain rate dependent,

* Crystallographic textu'e had no dLscernLaibl efit.t on otr€•-strain re.•ponse.
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Effects of Grain Size ond Temperature on the Mechanical Ptroperties of
OFHC Copper

D J Parry and A G Walker

Department of Physics, Loughborough University of Technology,
Loughborough, Leicestershire, LE11 3TU. UK

Abstract: A comprehensive investigation has been undertaken of the
dynamic mechanical properties uf OFHC copper over a strain rate range
of about 2 x 10"s-1 to 6 x 10ms"1 with testing temperatures of 20*C
to 600*C and grain sizes from 20pm to 240pm. The low strain rate
region was studied using an Instron screw machine, while at the
higher rates compressive (to 6 x 10's"') and tensile (to 1.5 x
103s") split Hopkinson pressure bar systems were employed.

The results can be divided into two distinct regions according to the
strain rate. For rates below about 103s'" the flow stress increases
slowly with strain rate in a manner consistent. with a thermally
activated mechanism. The strain-rate sensitivity X ao/alog& (at
constant strain) is found to be independent of strain rate and grain
size but increases with strain and temperature. There is a
progressive reduction in the flow stress with increasing grain size
and temperature, until at 600OG the differences in flow stress for
all the grain sizes becomes insignificant.

At strain rates in excess of approximately 10's"' the flow stress
increases much more rapidly with strain rate for at] grain sizes and
temperatures. The room temperature results are In agreement with a
linear viscous-drag typo of re-Iationship. At elovated temperatures
there are insufficient results to allow any difinitW conclusions to
be made regarding the form of the strain rate dependence.

The validity of the Hall-Petch relationship has also been
investigated by plotting flow stress as a function of the reciprocal
of the square root of the grain diameter for five grains sizes over
the wide range of strain rate and temperature indicated above. The
linear dependence predicted by the relationship was found to be
valid for most combinations of strain-rate and temperature. However,
at 20 0 C and the low strain rate of 2 x 10"s, the results show
evidence of a bilinear relationship for strain above 1%, with a
transition grain size of 32pm.
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J. Duffy and S. Suresh

Division of Engineering, Browti University, Providenec, RI 02912, US.A.

The potential advantages of zeramic inatrtx composites (CMC) are
well-.known, CMC's, for instan~co, are tho only material of reasonable cost abl'. to
withstand very high temperatures, Their great disadvantage at present is their
brittleness. Tests must be devised to evaluate their fracture behavior when subjected
to impact loading. Our results indicate that this is feasible ir the specimen is first
properly ratigue-precracked and carefully loaded.

Experiments are described in which stress-wave loading is employed to
fracture a notched CMC specimen with a prefatigued crack at the root of the notch.
Tests are performed both in Mode I and Mode 111, with specimens or a fine
polycrystalline AJAO and with an AIA0 containing 25`/o SiC whiskers. Quasi-static
tests are also performed and we art' thus ablc to meiasure the fracture toughnecS5
values both statically and under truly clynaumic conditions anJ for two fracture
modes. The critical advance comes in specimen preparation: our development )I'
techniques making possible the growth of fatiguc cracks in CIMC's by cyclic
compressive loading. In the dynamic fracture test, the stress wave is indiaticd
explosively. The geometry and loading insure plane strain :onditions a: the crack tip,
A full finite element analysis is available confirming the accuracy of results. ValIu es
of K14 can be calculated. In addition, the experimental tacihod has been adapted to
dynamic Mode III Fracture. The present experimental rcsults for Aý,~ eea hi
the fractur-e initiation toughness values are about 50%/ higner under dynamic loading
in Mode I than quasi-statically. The corresponding ratio is 30% for Mode III. In
A1203 SiCw, these ratios decrcase to about 30% in Mode I and only about Pic in
Mode 11l. Scanning electron microscopy reveals that Mod,; I fracture initiation occurs
predomainantly by an intergranular failure mode irrespective of' whether thc loading is
quasi-static or dynamic. Dynamically, howcver, there i. evidence of a rehitivel,'
greater percentage of transgranular failure. In distinct contrast %vit 1th e
macroscopically flat Crac;ture surfaces observed under tcttsile loading, a h'igl )
tortuous and rough fracture surface was observed for N'ldol IIl fracture in bothI rho
quasi-static and dynamic tests.

Microcracks running dynatnically in a brittle solid influrcnc~ both the elastic
tmoduli and strength. If such a material contains a population of microcracks, thc
velocity of the inicrocracks and the conditions for inicrocrack coalescence in front of
the macro-crack tip will determine the measured values of tensile fracture toughness.
A model i3 proposed which determines an estimate of the stiffness loss caused by a
dilute population of microcracks aligned in a direction normal to the far-field tenisilc
strass axis. This solution is then used to calculate the stiffness loss in brittle.
polycrystalline solids. The dynamic to static fracture toughness ratio is predicted as a
function of microcrack velocity and elastic, properties. Expcuimnentally measured valuc.,
of dynamic to static fracture toughness ratio in A1 203 and A220,0 with SiCw fall
within the bounds predicted by ihe analysis.
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Structure - Property Characterization of a Shock-Loaded Boron Carbide-
Aluminum Cermet

W.R. Blumenthal and G.T. Gray III

Materials Science Arid Technology Division, Los Alamos National Laboratory,
Los Alamos, New Mexico 87545 USA

ABSTRACT

The propagation of shock waves through metals and alloys is known to
induce metallurgical changes such as the formation of dislocations,
deformation twins, point defects, and phase transformation products in the
microstructure. Consequently, the mechanical properties of metals and
alloys (i.e. hardness and yield strength) are highly dependent on their
shock histories, in particular, the shock pressure and shock duration.
Under quasi-static compression loading most ceramics and cermets initially
respond elastically and subsequently fail at a critical stress with little
or no macroscopic yielding. The mechanical response is controlled by the
elastic properties of the material followed by the intervention of one or
more microstructural flaws. Microstructural studies on shock-recovered
minerals (quartz, anorthite, and periclase) have revealed planar features,
"shock lamallae", implying inhomogeneous local plastic flow above the
Hugoniot elastic limit (HEL) as suggested by Grady (1977). Also grain
boundary flaws and microcracks can lead to fragmentation of poly-
crystalline ceramics at compressive shock pressures below the HEL. Hence,
the development of high fracture toughness cermets is of interest since
fragmentation is a serious limitation to impact performance.

Shock-recovery experiments on a 65 vol% boron carbide-35 vol% aluminum
cermet supplied by the University of Washington were performed as a
function of shock pressure. The purpose was to: a) develop shock-recovery
techniques for cermets and ceramics which reduce the destruction of the
microstructure by accompanying tensile stress waves enabling intact
recovery of the shock-loaded samples ard b) investigate changes in the
microstructure and mechanical properties of a high fracture toughness
aluminum-boron carbide cermet as a function of peak shock pressure. The
investigation also compares quasi-static and dynamic (Hopkinson Bar)
uniaxial compression results. The objective in this case was to determine
the effect of moderate strain rate loading on the mechanical properties
(modulus and compressive strength) and failure behavior of the cermet.

The material was made by infiltrating pure liquid aluminum into a pre-
sintered porous boron carbide skeleton resulting in a finely inter-
connected microstructure with an average 04C phase size of 7 microns and
a porosity level below 1.5%. TEM characterization of the as-received
material revealed the substructure of the cermet to consist of pre-
dominantly defect-free B4 C grains interspersed with the aluminum regions.



Shock. loading experiments were performed on the cermet as a function of
shock pressure. Samples were recovered largely intact due to the use of
confinement and "soft-recovery" techniques (Gray 1988). Post-shock
examination by optical and transmission electron microscopy (TEM) showed
the B4 C structure to he iinrhanqed tip to 5 GPa, while the Al phase
exhibited a high density of randomly distributed dislocations. After a
shock of 10.6 GPa some of the B4 C grains displayed dislocation debris, but
the majority showed no evidence of plastic deformation. Uniaxial
compression testiag of the un~hoc~e•..cermet, was performed at two nominalstrain rates, ]0 s" and 10t s' o Figure )- Dynamically, the material
showed limited yielding after about 1.5% elastic ýtrain and subsequently
accumulated about 1% inelastic strain (2.5% total strain) prior to
failure. Quasi-statically, the cermet began yielding at about 1% strain
and only accumulated between 0.5%-0.9% inelastic strain (1.5%-1.9% total
strain) prior to failure. The unshocked cermet showed i 9%-4% increase in
st engh When the strain rate was increased from 10 s- (1.94 GPa) to
10 s"' (from 2.1 GPa to 2.4 GPa)

In summary: 1) momentum trapping, confinement, and "soft" arrest
techniques are critical to successful shock recovery and subsequent
microstructural analysis. 2) The predominant response of the cermet to
both the 5 and 10.6 GPa shocks is elastic, although the aluminum phase
behaved plastically. 3) No localized damage was observed at shock
pressures of either 5 GPa or 10.6 GPa. 4) Inelastic deformation and
strength improve with strain rate under uniaxial compressive loading.
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Impact Strength of Ceramics at High Temperatures

T. Nojima and K. Ogawa

Department of Aeronautical Engineering, Kyoto University, Kyoto, 606 Japan

Introduction'
This report aims to present an outlook of mechanical properties of some engi-
neering ceramics under slow impact load and their testinq methods. Three
kinds of popular ceramics (alumina, SiC and TTZ) are chosen for characteri-
zation of impact properties up to 1200"C. Conventional low rate tests were
also performed to assess the rate effect. The present work consists of (1)
the strength-data are characterized at RT through three pointbend, Brazilian
and'tensile tes.ts. The bending strength ob is assessed and compared with
tensile data by thevtuse of Weibull's failure probability theory. Brazilian
test data are also compared with these data and (2) high temneraturestrength
of these ceramics is characterized by three point bend tests. Character-
istics of fracture pattern are also reported in conjunction with deformation
rate and temperature.

Tested ceramics are 99.5"" purity alumina, 95%purity SiC and TTZ (transforma-
tion toughened ZrQj. Bend specimens are 5x5mm square cross-sectional bar
(span length is 25.4,1,25.8). Brazilian specimens are 10x5,. Tensile
specimens of alumina are 3.2 -3Gmm.

Experimental Method and Data
Three kinds of Hopkinson bar type iiipact tests were carried out; three point
bend test (Figure 1), Brazilian test. (Finure 2) and tensile test (Figure 3).
The strength-datd throuqh these te-ýts are shown in Table I and Finure 4.
The ratio between three point bend aind tensile strencIth at RT. 1b/(i,,is ,.6
for impact test and 2.0 in low rate teit. On the other hand, the strength
ratio throuqh Weibull failure probability theory is 1.68,11.75 for the modu-
lus m719',lO (the 'i-value is from bending data in low rate tests at RT.)
(ot; the tensile strength in tensile test, (j);; the tensile strength by
Brazilian test.)
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-~4 Strain Gages
4 Foil Strain Gages IV'-' .
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Figure I Experimental set-up of bei-d test
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Figure 2 Experimental set-up of Brazilian test
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Bend test fo0 T '" 99.5% Alumina

(b=(12-. W/6)

Brazilian test I 400
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Figure 3 Set-up of 1 0 Impact test
tensile test I Low rate test

Table I Strength-data (average value) 10I
Bend test (PTk.1200*C) 125( .....

Temp. Impact test Low rate test
Alumina RT Ob-408MPa cj,=308MPa \ 0

800C 291 -10ooo ..
1000C 361 310
1200C 329 236

SiC RT ob=383MPa (lb-413MPa C 4,
80Oc 416 445

1200C 403 440 0750 ....
TTZ RT obl1304MPa ob-lO5 3MPa

500C - 873 3 Soo
300C 862 687 0

1200C 435 434 soo
Bfrazilian test

Alunina RT (ot)B=199MPa (o t):143MPa
SiC 188 196 2
TTZ 351 292 2Qo0 0 So 10 100
Tensile test Temperature (C)
Alumina RT a•-258MPa j151MPa Figure 4 Temperature dependence

of bending stress
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ON TBE DYNAMIC SHEAR STRENGTH OF SHOCK LOADED TWO PHASE CERAMICS

Y. Yeshurun, Z. Rosenberg, D.G. Brandon*

RAFAEL A.D.A. P-O.Box 2250, Haifa 31021, Israel
*Dept. of Materials Engineering, Technion, Haifa 3200, ISRAEL

ABSTRACT

The dynam.Lc properties of monolithic ceramics are usually altered
by the presence of a second phase. Impedance mismatch is the primary
factor responsible for microstructural damage in the region of the
phase boundaries. Planar shock recovery experiments have shown that
microcracks in the alumina/glass interface are generaly initiated at a

stress level below the obsereved Hugoniot Elastic Limit (HEL).

It turns that the spall strength decreases with increasing of the

impact pressure. These studies also showed that the onset of the loas
of spall strength is almost the same as the microcracks initiation

stress level. This indicates that spall strength is associaced with
microstructural damage in two phase ceramics.

In this paper we also calculate the threshold shear stress at
which microcracks are initiated using simple arguments relating to the

different shock properties of the two phases. Thus we assume that the
mismatch in particle velocity between the two phases is the cause to

the interfacial shear stresses ar. the phase boundaries. From our
calculation we conclude that the shear threshold stress for

microcracks formation depends on grain size, the Hu.oriiot mismatch and
the impact pressure. These calculations are also in good agreement
with the average shear stresses in the shocked specimen as determined
with longitudinal and Transvers Manganin gauges.
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BALLISTIC IMPACTr OF CERAMICS
JE.Field, Q.Sun*, DTownsend**

University of Cambridge, I)epartment of Physics,
Cavendish Laboratory, Madingley Road,

Cambridge, CB3301-E, U.K.

* Permanent Address: The Institute of Mechanics,
Chinese Academy of Science, Beijing, China,

** Now at British Arospace, Filton, Bristol, U.K.

In recent years, there has been a growing interest in the response of ceramics to ballistic
impact. This paper describes a study of the impact behaviour of a range of ceramics when
impacted by steel spheres, High speed photography with a Hadland 790 IMACON camera
was used to observe the modes of failure of the ceramics, damage zo the projectile and to
obtain quantitative data on the kinetics of impact, 'T'he projectiles were accelerated by a
single sta e gas gun of the double-diaphragm type. The velocity range covered was 30 to
lO000m ST

A large number of ceramic types and projectile materials have been investigated. It is oaly
possible to present a few examples in the paper and Table I gives information on their
relevant physical properties. The projectiltj were 5,im diameter hardened steel spheres in
all cases except where stated. The ceramics were in the form of SOMm x 50ram tile
specimens with thicknesses in the range 3 to 20mm.

Table 1. Material propenrries of target and proiecti materals

Material Density -ardness Fracture Shear Bulk Young Poissons
p/lO03kg in-3 Hv/GPA Tou ghness N89 is W lus Mp~ulus Ratio

KIc/NiN m"3/2 a/a E a

Soda-lime 2.50 4,5 ± 0.4 0.75 ± 0.03 27,6 42,5 79.2 0,19
lass ± 0.8 ±:2.7 + 3,0 ±002
lass 2,47 9,2 ± 0.5 1,77 ± 0.12 34.8 45.5 83.3 0.20

ceramic A ± 0.9 ± 3,4 ± 4,0 ± 0.03
Glass 2.59 8.2 ± 1.1 0.42 ± 0.05 34.3 59.0 92.0 0.24
ceramic B ±50.9 ±2.6 4.0 ± 0.01
Alumina 3.69 11.9± 1.6 2.9i ± 0.17 108 147 260 0.21

±4 ± 10 ± 10 ±50,03
Hardened 7.80 10.0± 0.5 77,4 163.7 201 0,30
steel

(a) Impacts on aum

In this case, the hardness of the target is greater than that of the projectile (see Table 1). For
impact velefities up to -180mn s-A the sphere rebounds from the target. The highpressures
generated, due to the high hardness of the alumina, result in extensive plastic deformation
of the projectile and the formation of a J lat. If the impact velocity is increased, fracture of
Ine projectile occurs.

The impact of a hardened steel sphere on an alumina tile specaien produces a Hertzian-type
cone failure over the velocity range investigated (50 to 900m s-1). For impact velocities
greater than -220m s-1 , the cone crack propagates completely through an 8.6mm thick
specimen resulting in a conical fragment, The semi-apex angle of the cone. 0, is less than
that obtained by static loading. As the velocity of impact increases, 0 increases reaching a
value of -570 at the highest velocities. The cone has a smooth upper region and a lower
roughened region. The roughened regin is caused by the interaction of the propagating

L e?



cone crack with the reflected tensile wave from the rear face of the specimen, The change
of angle for the lower part of the cone can also be explained by considering the stress wave
interaction.

(b) Impacts on glass ceramic type A

In this case, the hardness of the target is less than that of the prpiectilc (see Table I), anl
very little damage of the sphere results even at the highest velocities, Impacts of -40m s-
generated Hertzian-ty tin crcsi hsmtra.Aoe s-m1, the cone cracks reach
the rear of 10mm thick spec mens producing a conical fragment. As the velocity of impact
increases the semi-apex angle, 0, dgmj.1, Lateral cracks produce4 from the deformed
zone at the impact site form at impact velocities greater than 80m s-1. Spall failure w§s
evident in this glass ceramic, for 10mm thick specimens, at velocities above f120m s-l .

At impact velocities >300m sa-, a second cone crack was formed in the material with a
much larger semi-apex angle than the initial cone crack, The radial cracks which are
formed by bending are evident at velocities above -60m s- 1 , Me number of radial cracks
increases with impact velocity. Penetration of 10mm thick specimens takes place at
velocities above -450m s-'.

(c) IMpacts on sodajlime glass

The damage modes with soda-lime glass are similar to those in the glass ceramic though
they take place at lower velocities. For example, the Hertzian cone crack ejects at
velocities above -30m s- 1 . The hardness of soda-lime glass is much less than that of
hardened steel (see Table 1) and negligible damage is suffered by the projectile. At high
velocities, failure modes such as the Hertzian cone, lateral and median cracking and (with
thin plates) radial fracture which can all be obtained by quasi-static loading are increasingly
dominated by stress wave controlled fracture.

S(d) Discussion

The relative hardnesses of projectile and specimen are of great importance. In the one
category, are soda-lime glass and the glass ceramics with lower hardnesscs than that of the
projectile and which do not deform the proje.ctile. In the second category, are aluminas,
boron carbide etc_,, with higher hardnesses, They deform, break up and eventually shatter
the hardened steel projectile. This different behaviour has a great affect on the energetics of
impact. The toughnesses of the materials have a relatively small effect on the behaviour.

Impacts onto ceramics which arc harder than the projectile show that at 300m s-" about
80% of the impact energy is consumed in plastic deformation of the projectile and about
15% is taken by the rebounding fragments. Only a small amount of energy is needed to
produce the fractures in the specimen and the conical fragment which ejects at only about
4m s-l, Impacts with brittle specimens which are softer than the projectile do not deform it.
Again little energy is consumed in fracturing the specimen. A large amount of energy is left
in the projectile and the fragments which eject from the rear of the ceramic.

High speed photography has proved of great value in identifying the different modes of
failure of both the specimen and 'he projectile during the ballistic impact of ceramics. A
camera such as the IMACON with its ease of synchronisation, ability to record at modest
light levels and production onto polaroid film has allowed each experiment to be
photographed routinely. Combined with accurate impact velocity measurement and the
results from the momentum balance we now have a great deal of data on a wide range of
ceramics.
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H,. Wagner
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ABSTRACT

wonew e x 1 ier]:,mnUta 1 mothod:. Wove iiad to tevestign'te riodol
mlcroo nposi te., for- quabsitot.(iy ond dynamini fran l~ur-e hihoa v t our.

* Fractur& w'iodos, at, low ,Wd very 11i~gh 31 va In no C linpeot export mo'nts
were studiled us in rtig odn un id irnect ioial oinpos ittas. The mode I
mlcoeonole co1ri t 0 ' -. set of sti(r o fiirarnd&din an epoxy film
s uch thft the I nt ur fi b et, it s t an-e , numbr Vf I b& (nrs , i nter face and res i ii
pr~operties cntan be ontr~r'c 1,,,d linr~ooonmnposite moriol.%yýr~s can demonstrate
basic fai lure modes of reliiforcic' compos l tes.

The p~reparatlrou of co*.ntr~olled geomwotty mode]l compo~sites was possible
due to a new method0 develIoped by Wagner t, el 2, 3]

The quas .1 taitia dn. lorme,ýtion an(i, frine uro modes were tested using ,4
ipecii~lly design-d( rcustomii-maod nin taturlo tenoile tes,.ting machine [ 2j. The
sequences, of' the fr~aotire ov,*Ont a wer~e recojrd,:d using :; rol our v ideo camor-a
fitted to a po) ar~t ae light stci-oo voorn miicroscope. The r~esults of tensLile
test Luip lire,' sumu ilmr in t. ble- no. 1

Thie dynaimic, teinit u1 tiea high st-rai 'i,:e wetiý ,crlorirrld u1sing elur1!.
pu I ;ed Li ser induced *;hock waiv k:3. I1hiai new method deve loped by Giilath et
al. [11-8j for ino.eltest Co:1,, was ;.oppli Icc to study the fn-ic tore mode )f thin
tapes of moodel in crocoinposlinto. TO RVOid 1;1ser, oh l-t ion of the thin
samnples. the shlock wave was delivered Lhr0Ugh ia thin aum inum w foil, Dluo trn
the small diameter, of theý laser, bean, high shock wa~ve pr~essure and very fast
ener~gy deposition, short. pulsed l 'aser exper~iriort:3 are( the most suitable to
study dynamic fracture for, nmal 11 amp I us zilsch is, ini(!rocomposi tes.

The second advnontao' of laser, lrtuced shook w ive experiments i~s the
possibi lity to) obt~..Iri vo!-: close ener~gy detini )ty steps at the amnp Litier
stages of the lasc'r syal-iii thereby criabli tg the intermittent mlonitoring of'
the various fall ure mrodoes in the sample.

Thp fol lowing v'a]ue's wore meoasutred, 5(,( tib lo no. 11:

a) The Pnergy density necessary to li.1ft the epoxy t'i li from the aluminum
support.

b) 'The energy density necessary to in~duco damage in epoxy ftilm when
reinforcement is undamaeed,

a) The energy density for ccmplete rupture of epoxy and fiber-s in
microcomposite.



Material Young Modulus Fat lure strain Strength
E(GPa) I MPa]

Kev lar L29 1A.Y 4.0  10110

CYR,3/HY956 2.0 3.0 31

8 fiber, monolayer 2.8 3.2 65

Table 1. Mechanical properties of single fiber, matrix and microcomposite.

Experim.nt Energy density 2 Pressure in Pressure transmitted
delivered, J/em, aluminum at to epoxy, kbar

interphase,
Kbar (siraulation)

'A 75±10 9 3.5

B 206±I0 15

C 300±10 20 7.6

Tible no. 2. Energy donsitic• and pressures obtained in pulsed laser
exper i1,ent.•.

REFERENCES

1. H.D. Wagner, "Sttatistin 1coneptas in the study of f'r;4oture properties
of fibres and composites", In Application of Fr'icture Mechanics to
Composite Materlajls" (ed. R.B. Pipes and K. Friedrich), Elsevier
Science Publishers B.V., to appear (1988).

2. H.D. Wagner and L.W. Steenbakkers, "Microdamipe ana Ly3i3 of Fibrous
Composite monolayers under tensile stress" (Oubmitted 1988).

3. L.W. Steenbakkers, H.D. Wagner, Polymeric Composites Lab; Materials
Research Dept., The Weizmann Institute of Science Report PCL-88-02
(1988).

4. 1. Gilath, D. Salzmann, M. Givon, M.P. DAriel, L. Kornblith, T. Bar
Noy, "Spallation as an effect of Laser Induced shock waves", J. of
Materials Science, 23, 1825 (1988).

5. I. Gilath, S. Eliezer, M.Y. Darlel, L. Kornblith, "Total elongation at
fracture at ultra-high strain rates", J. of Mat. Science Letters, 7,
915 (1988).6. 1. Gllath, S. Eliezer, M.P. Dariel, L. Kornblith, "Brittle-to-duottile

transition in laser induced spall at ultra high strain rate in the
6061-T6 aluminum alloy", Appl. Phys. Letters, 52, 1207 (1988).

7, D. 5alzmann, I. Gilath, B. Arad, "Experimental, measnrements of the
conditiona for the planarity of laser-driven shock waves", Appl. Phys.
Lett., 52, 1128 (1988).

8. S. Elie7er, I. Gilath, T, Bar Noy, "Laser induced spall in metals,
phenomenological model, experiment and simulation" (submitted 1988).



' 

'I

CHARACTERISATION OF THE IMPACT STRENGTH OF WOVEN CARBON/EPOXY LAMINATES

J. Harding, Y. Li*, K. Saka** and M. E. C. Taylor
Department of Engineering Science

University of Oxford, U.K.

As part of a wider programme to study the impact response of hybrid Woven
reinforced carbon/glassa, laminates it has been necessary to make an estim-
ate of the effect of strain rate on the failure strengths of the Individual
reinforcing plies in tension and compression and of the interlaminar shear
strength on the planes between neighbouring plies. This requires tests to
be performed at a quasi-static and an impact rate on non-hybrid specimens
reinforced with woven layers of either carbon or glass. The present
paper describes the experimental techniques and specimen designs used at
both rates of loading In tests on the carbon reinforced specimens.

For loading in both tension and compression the same design of specimen, a
thin strip waisted in the thickness direction, see Fig,l, was used at both

rates of strain. The quasi-static tests were per-
S~formed on a standard screw-driven Instron testing

machine while the impact tests used a modified split
Hopkinson's pressure bar apparatus. Typical stress-

19 strain curves obtained are shown In Flg.2. A
marked increase in the failure strength and some
increase In both elastic modulus and failure strain

600 600-
S _mm Stress (M•o) Stress (MPQ)

Impact test Impact test
-290/s 530/s

-172-

0 400 400

,Quasi-Static test Quasi-Static test
200 9xI '/s 20J

Rad, I
S •m m f 8 

r

Strain (8/0) Strain ( )

0 05 1.0 1.5 0 05 it0 15 2 ,0 2.5
a) Tension b) Compression

4

Fig.2 Effect of Strain Rate on Stress-Strain Curves

in tension and compression

Fig. 1 Tension/Compression Specimen
(all dimpnsions in mm)

*On leave from the Northwestern Polytechncar-University, Xian, China

**Now at Stockport College of Technology, Wellington Road South, Stockport



with strain rate is appareint foi Ioatling vloiig a principal direction of
reinforcement in both teiqmion And compressioni.

For the interlaminar shear totizt&tevraJ spesJnotn de,•igns have been invest-
igated, for all of which the *mlear s rain along tht failure surface was
found to be highly non-uniform. Thi spectmi, designi chosen, see Fig. 3,
wax relatively simple to malitaf.cu•,re and test, again using the Hopkinson's
bar at the impact rate, and a clear i.nterlamfiiar failure was obtained, see
Fig.4. A significant increi",• in ihe applied load at which this failure
occurs was observed at the higher rate of sttraining.

f IT V E. ý,peeimen

Input bar Output bor

Metal
spacer so.. 60 . .

Dimnensin, in r'm

Fig, 3 D(es_,g i t,:]tr-,il, w Sheai2 Speclimen

Fig.4 Fractui•, Ftiirfaio's foi: Impacted Shear 'Specimen
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THE IMPACT ON A COMPOSITE PLATE
A BOTH THEORETICAL AND EXPERIMENTAL APPROACH

OF THE IN.PLANE AND TRANSVERSE EFFECTS,

RN BEAUMONT, L PENAZZI
Etablissement Techniquo Central do rArmement

16 bis Avenue Prieur do Ia Clae d`O( 94114 ARCUIEIL CEOEX

INTRODUCTION

The impact ol a sphere on a carbon fiber reinforced plastic plate (CFRP) may be considered
as an impaectos kinetic energy transfer to the plate. This energy separates Into various
types of energy, the relative Importance of which depends on various parameters such as
the Initial veloity of the Indenter and the energy release rate of the materiel.
The evaluation of the relevance of each type of energy has been previously pedormed by
several inisltu and post-mortem observations, The fact that post-mortem analyses only
shows final mtates of the impacted plates and not the chronological evolution due to the
various meoanisms has already been stressed [Beaumont N. 1988a].

EXPERIMENTS

The impact experiments where performed using a gas gun. The spherical indenter (d 6.35
mm) is made of steel. A high speed camera and strain gages whore used to perform in-situ
observations. After the impact, several post-mortem observations were performed using
US-SCAN and optic microscopy. All those methods have been developpod in another paper

MODELISATION

A complete model has been established in the frame of non-equilibrium thermodynamics.
The sphere-plate system is assumed to be fully described by a number of external and
internal variables and by two thermodynarmical potentials,(F3. I)
Experiments results have led to impose the following model-hypotheses

The indenter penetralts into the plates. That is to say thait the Hertzian contaci
energy can be noglected IShivakumar 19851

. The plate has an elastic-brittle behaviour. That Is to say that the plasticity of the
matrix is neglected and the onergy release rate remains constant during the whole
delamination,

The delamination of the plate is fully governed by the kinematic of the impact and
spreads at the indentation spreading velocity noted U

* The preferential delamination direction is correlated witf the flexion moduli of the
plate.

- The inertia effects are neglected

CONCLUSION

Several in-situ observation systems have been developped in order to have more
information on the behaviour of a CFRP plate impacted by a spherical steel indenter, The

- physical understanding of the phenomenon lead to the construction of a model established in
the frame of non-equilibrium thermodynamics.
Thanks to this model, it is possible to predict the residual speed of a spherical indenter
impacting a CFRP plate with a quasi-isotropic lay-up in the case of an elastic- brittle-
behaviour of the plate. In the case of strongly anisotropic layers, another model has to be
considered taking into account the lay up effects.
For any lay-up and any material, as long as delamination takes place during impact and has
not reached saturation, it is possible to predict the shape and surface of the delaminated zone

IL 
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LAMB WAVE PROPAGATION IN AS4/3501-6 COMPOSIrE PLATES EXHIBITING MICROSTRUCTURE
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P Murakaml, Associate Professor
The Applied Mechanics and Engineering Science Department
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Mr. V.A. Deason
The Applied Optics Group

The Idaho National Engineering Laboratory
Idaho Falls, ID., 83415, USA

ARSIEAI

We wish to discuss the phenomena of low velocity elastic impact In AS4/3501-6 graphite/epoxy
composito plates. To accomplish this objective an Investigation combining computational,
experimental and precise manufacturing methods was developed. Computatlonally, a finite
element - mixture theory formulation is employed to capture microstructural detail at the
composite inerface. Experimentally, dynamic moire Interferomstry is developed and employed
to study transient microstructural displacement fields on the composite free edge under Impact.

Four types of composite plates were manufactured using the AS4/3501 -6 fibers. The specimens
consisted of alternnting layers of 0 and 90 degree fiber oulentatlons with constant plate
dimensions equaling 50 mm wide, 7 mm thick and 250 mm In length. The layup sequence was
varied In the plates, Specifically, the first series of plates consisted of pure 90 degree fibers;
the second sequence consisted of [016/90 ý6/016]; the third sequence was [02/902]s for 24 plies
and the final sequence was [0/90]s for 48 plies.

The Impact process occurred by a striker bar impacting the composite plate parallel to the
layer direction at 11 m/s. Moire Interferometry displacement fields of the pulse propagation
on the composite free edge were obtained using a 20 ns. pulsed ruby laser. These
displacement fields are obtained both near and far field from Impact, Figure 1 details the
longitudinal displacement field far field from Impact. The bulk fringes are the result of the
bulk lamb wave propagation. The reticulation or microstructure within the bulk fringes
correspond to the layering of the composite. Figure 2, shows that this microstructure is the
result of the differng wave velocities In the 0 and 90 degree fiber orientatIons, 8 and 3 km/s
respectively Under stronger elastic Impacts the Interface shear of figure 1 would grow
developing into a delamination. Similar displacement fields exhibiting microstructure are found
on the plate free edge for the 24 and 3 ply specimens. Unifcrm displacement fields are found
on the pure 90 degree specimens. Finally displacement fields for a natural delamination
occurring at the interface In the 3 ply specimen will be presented. This lecture will compare

L the non-delaminated displacement fields to the finite element mixture theory formulation to
asses a broader understanding of the complete parameters causing Interface delamination under
low velocity impact.
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Quasi-Longitudinal Phase Velocity Data Versus
Angle of Propagation, 4 in the XI - X2 Plane for

a Unidirectional Composite Laminate*
(AS4/3501-6) (100 x 304 x 8.3mm)

8 e9

* 7
., * "L. Pearson, B. Murrd,

6 'D. Gardiner"R.) 4 Hercules'Aerospace
V o 3 a Measurement
.6 T_ - Fitor 2-

0 20 40 60 80
30 Angle of propagation,

I) In X1 " X2 plane (DEG)

Figure 2, the phase velocity verses angle of propagation relationship for AS4/3501-4
graphite epoxy prepreg (courtesy B. Murn and 0. Gardiner Hercules Aeropice).



Dynamic indentation of two dimensional ring systems

T Y goddy, A S Kaddour and S R Reid
Department of Mechanical Engineering, UNIST,
PO Box 88, Manchester, England

ABSTLACT

Dynamic crushing of single rings (Reid end Reddy (1979)), ring chains (Reid end
Reddy (1983) and Reid and Bell (1984)) as well an that of two dimensional ring
systems (Stronge and Shia (1987,1988)) have been studied. This paper is
concerned with dynamic indentation of hexagonally close packed systems made of
rings (19.05 me diameter and 12.7 me length) under impact conditions, to extend
the understanding of the energy absorbing characteristics of such systems as well
as those of cellular structures and solids. Typical system were 286 me (15
rings) wide and 287 = (16 rows) deep and were enclosed in a rigid frame with a
central opening of 96.6 ma wide on one side.

A rigid mass of 0.16 kg (96.26 am wide and 12.7 mm height) was propelled along a
guided track by a cartridge gun to impact the ring system centrally at
velocities in the range of 36 ms-1 to 72 ms- 1 . Deformation process was recorded
by using a high speed camera with a film speed of about 6000 frmes per second.

Two different deformation patterns depending on the ratio of the energy absorbing
capacity of the struck rings to the kinetic energy of the striker defined as the
Q factor by Strange and Shim (1987) were observed. At low values of Q the
deformation started with an initial crushing mode, in which the rings were
directly crushed (with little lateral expansion) as if they were constrained at
the sides. This was followed by a shear type of deformation in which the rings
were crushed to deform at an oblique angle to the direction of impact. There was
considerable lateral expansion of the rinp crushed in the shear mode. The shear
bands started at the corners of the striker and formed a wedge shape. Continuing
deformation resulted in the growth (widening) of these shear bands. Such

k' behaviour was also observed in quasi-static indentation tests on similar systms.
At higher impact velocities, i.e. for high 0 values, the crushing mode dcminated
in causing deformation. The deformation front was cylindrical. Rings adjacent
to the side walls and distal end support were found to deform due to the
reflection at these supports stress waves produced during impact.

In all the systems tasted the initial decelerations were found to be higher than
the average decelerations, the ratio of these two values being higher for higher
values of 0. Considering the strain rate effects and using the quasistatic
failure mode of rings, an elementary energy balance procedure is adapted to
predict the variation of the striker velocity. Considering the simplicity of the
analysis the predictions compare reasonably well with experimental observations.
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A DESIGN GUIDELINE FOR PREDICTING MAXIMUM CENTRAL DEFLECTIONS

OF IMPULSIVELY LOADED PLATES

G N Nurick - Applied Mechanics Research Unit,
University of Cape Town.

An extension of Johnson's (1) damage number is refined for use
as a design guideline for predicting the maximum central def-

lection of plates subjected to impulsive loads. This predic-
tion compares favourably with experimental evidence. In

addition, using the experimental results an upper bound on the
loading conditions may be determined, i.e. the maximum deflec-

tion before tearing of the plate material takes place. This
is illustrated for circular and rectangular plates of varying
dimension and loading conditions.

1. Johnson W 1972 Impact Strength of Materials p.303. Edward
Arnold.
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On tho Effects of Materials tind Radius to Thickness Ratio in Dynamic
Plastic Buckling of Circular Tubes tinder Axial lmpact

K Kawata, S Matsumoto and E Yoshimizu

Science University of Tokyo, Noda, Chiba-ken 278 Japan

ABSTRACT: In dynamic plastic buckling of circular tubes under axial
impact, the effect of materials in the mean plastic buckling load
(MPBL) vs. loading velocity relation for bcc and fcc metals and the
effect of radius to thickness ratio in MPBL are clarified, using a
new precise dynamic properties characterization system based upon
the KHKK one bar method. Experimental values are fairly explained
by a theoretical expression derived by the authors, composed of three
mechanisms of bending, rolling and toroidal deformation.

INTRODUCTION

In designing the crashworthiness of structural elements such as circular
tube under axial impact, the effect of materials in the MPBL vs. loading
velocity relation and the effect of radius to thickness ratio in MPBL
should be known, basing upon the precise experimental result. The precise
curve of dynamic plastic buckling load vs. displacement seems not be hither-
to satisfactorily determined. Such data acquisition could not be carried
out until precise high velocity mechanical properties characterization
system with no reflected wave disturbance, such as the KHKK one bar method
(Kawata et al 1979) appeared. These experimental data are compared with
the theoretical expression newly derived by Kawata et al (1988).

CONCLUSIONS

1) A new theory of dynamic plastic buckling of circular tube with wide
range of R/t under axial impact, is derived basing upon a model with
bending, rolling and toroidal deformation mechanisms. The theoretical
values well coincides with experimental ones for specimens of R/t ranging
from about 20 to 120 and of various metals, tested here.
2) Dynamic plastic buckling load vs. displacement relation can be satis-
factorily determined by the new precise dynamic property characterzation
system basing upon the KHKK cne bar method without reflected stress wave
disturbance.
3) Dynamic MPBL can be calculated for various loading velocity by con-
sidering the 4ynamic mechanical properties of the materials, giving fair
coincidence with experiment.
4) The effect of materials in the MPBL vs. loading velocity relation is
clarified for both of fec and bcc metallic materials.
5) The effect of R/t ratio in MPBL is t•larified experimentally and is
fairly explained by the above mentioned theory.
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Dynamic Coupling of Plastic Deformations in Multi-Cowponent Structures

I

W J Stronge and D Shu
Department of Engineering
University c' Cambridge

ABSTRACT

The distribution of energy dissipa4ion in multi-componont structures
that are defoimed by impact depends oi: the structural arrangement, the relative
compliances and the dlatribLtion of mass in the components. A collision
against a rigid-perfectly plastic, multi-component structure results in
at least two distinct stages of deformation; a transient fullowed by a modal
stage of deformation. Deformation during the transient stage is characterised
by travelling hinges or hinge lines while the modal stage has a time-independent
velocity distribution. The total impact kinetic energy is disbursed throughout
the structure during those stages of deformation. In general the fraction
of the total energy dissipated in each component depends primar!ly on the
structural arrangement and the relative compliance; the mass of the component
is of secondary importance, The structural arrangement can be classified
as either a parallel or series system in analogy with electric circuits.
The distinction between these systems is based on displacement constraints
that define the connectivity between elements.

In the parallel arrangement, all components have the same displacement

at the impact point; the dynamic load is imparted to all components simultaneously.
In a multi-component ntructiure with this arrangement, the fraction of the
total energy absorbed in o component during the transient phase increases
with the relative coimoliance and decreases with the relative mass ratio.
During the modal stage of deformation, the fraction of the total energy
dissipatod increases in proportion with the relative compliance. The deformation
of a component is independent of the relative mass ratio provided the mode
of deformation is not changed when the mass ratio changes. To conclude,
the heavier and stronger components of a structure absorb a larger part
of the initial kinetic energy in a parallel structural arrangement.

In the series r.rraniiement, only the dynamic forces that have passed
through an element are transmitted to successive elements. With this arrangement
the fracture of the energy absorbed in a component during the transient
stage increases with relative mass and decreases with relative compliance.
Again the stronger components absorb a larger fraction of the initial energy
imparted to the structure.

Applications of these results to tha analysis of ship structures composed
of frames coverd by plates will be discussed.



The Use of Simulation Techniques to Study Perforation Meohanisms in
Laminuted Metallic Composites

I.G.Crouoh(l) und R.L.Woodward

Materials Research Laboreaory, Defence Science and Technology Organisation,
Ascot Vale, Victoria 3032, Australia

EXTENDED ABSTRACT

As a class of composites, metallic laminates offer recognised benefits in
terms of structural properties, especially enhianced toughness (Kaufman,
19671 Taylor et al, 1976; Throop et al, 1979) and improved fatigue
performance (Taylor et al, '1976; Vogelsang, 1966). This is particularly
true with the weakly-bonded systems, such as the adhesively-bonded,
alulinium laminates. The addition of low-density, polymeric fibres to
reinforce the wy ak interlayer, as in the c•ase of ARALL, a hybrid leminate
currently being marketed commercially by Alcoa, increases the specific
strength values whilst enhancing fatigue orrck tolerance even further.
These attractive specific properties have led to a number of full-scale
trials within aircraft structures (Vogelsang, 1986), for which weight
savings of about 30% are claimed possible. Unfortunately, little is
reported of the through-thickness propertiso of these laminates, especially
under impact conditions, for it is these properties whioh need
investigating beforye such structural laminates could be considered as
suitable materials for containment applications or in situations where
perforation, it h•.gh rates of strain, is a possibility.

The energy-absorbing capacity of metallic laninates has recently been
highlighted by Crouuh (1988) whn compared the perforation characteristics
of adhesively-bonded, aluminium laminates with medium-strength, monulithic,
aluminium alloy plates. It was shown that such laminates suppress failure
by the through-thiokneie shearing mechanism known as plugging and
consequently, under certain conditions, can absorb more kinet3.c energy.
The perforation of metallic laminates by blunt objects is, however, a
complex terminal ballistic event and attempts to mathematically model the
process have proved extremely difficult because little is known about the

plastic flow and yield oriteria associated with metallic laminates. A
solution for simple, unbended, two-layer laminates, which treats both the

plug acceleration and dishing failure aspects of th3 process, has been
developed (Woodward et al, 1988) by examining the deformation of the two
component layers separately. For a multi-layered configuration a continuum
approach ts required, necessitating either a better understanding ofcomposite behaviour or, alternatively, approaches which sample propertiesin a form similar to the actual stress state in a ballistic experiment.

The object of this work was to establish ouch a set of quasi-static,
mechanical test procedures which would accurately simulate part of the
complex perforation process. Data and derived parameters from these. tests
can then be used as realistic input data in mathematical models of laminate
perforation. 4

(0) Current address: Royal Armaments Research and 10evelopment Establishment,
Chobham Lane, Chertesy, Surrey, KT16 ORE, U.K.
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The prforaton meehanisms of' weakly-bonded metallic laminates are compared
with the failure mode of monolithic aluminium plates when impacted with
blunt-nosed projectiles. Figures la and lb illustrate the comparative

damage features associated with both the monolithic and laminated
materials: (A) compression, (B) shearing, (C) tensile stretching and (D)
delamination. A family of quasi-static simulation tests have been
developed for laminates which generate relevant and meaningful mechanical
property data in a form suitable as input data fot' mathematinal modelling
of the perforation process. Figures 2a and 2b show how constrained
oOmpresaion tests have been used to simulate the compression stage in the
perforation of both glasses of materials by blunt-nosed projectiles.

Figureo

FigureFigure
2ab O WE

The properties described in this work are currently being utilised in a
simple sequential model which treats plug acceleration and target
delamination as two basic stages in the perforation of laminated metallic
composites. UsIng data derived from these simulation tests, good estimates
of oritioal ballistic impact velocities are ceing obtained ard the effects
of parameter changes on performance are being correctly described.

Crouch I G 1988 Proc.of MECH'88 Conf.on New Materials and Processes for
Mechanical Design, Brisbane, pp.21-26.

Kaufman J G 1967 Trans ASME, pp.-503-507
Taylor L G and Ryder D A 1976 Composites. pp.27-33
Throop J F and Fujozak R R 1979, ASTM-STP-651, pp.246-2 66
Vogelsang L B an Gunnick J W 1986 Mats.and Design, Vol.7(6), pp.2 87-300
Woodward R L and Crouch I 0 1988, HRL-TR-1111, DSTO(Melbourne)
Woodward R L and Do Mortop M E 1976, Int.J.Meoh.Sci., Vol.18, pp.119-127
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Instabilities at High Strain Rate of AISI 316 Damaged by Creep, Fatigue
and Irradiation. Uiscussion of Adiabatic Temperature Oscillations.
C. Albertini, A.M. Eleichem and M. Montagnani

CEC-JRC, Ispra Establishment, 21020 Ispra (Va) - Italy

"*Visiting scientist at JRC-Ispra, on leave from the Cairo University

Nuclear reactor components are submitted, in the case of a hypothetical
severe accident, to dynamic loading generating strain rates of up to 1000
s-1. The structural behaviour during severe accidents can be assessed
provided that the mecnanical properties of the material at the time of the
accident can be predicted by constitutive equations. Therefore, the
tensile mechanical properties of the nuclear grade austenitic stainless
steel AISI 316H were measured at strain rates ranging from 10-3 to 103
s-1, which steel was previously submitted to increasing amounts of pre-
damage by creep, low cycle fatigue and irradiation at a temperature of
5506C.
The following programme of pre-damage treatments was performed on the as-
received AISI 316H stainless steel.
- irradiation to 2 dpa (E > 0.1 MeV) in the High Flux Reactor in Petten,

in sodium at 550"C;
- low cycle fatigue at 55U0C (performed by P.N.C. Tokyo at the University

of Tckyo), cycle strain range U.6% and 1%, cycle ratio nI/NF of 0.2, 0.4
and 0.6;

- Low cycle fatigue as above with superposition of irradiation to 2 dpa;
- creep at 550"C, 300 t4Pa (performed at JRC-Ispra), at the fractions of

0.2, 0.4 and 0.6 of the 2000 h life-itime.
From the typical flow curves regarding creep, low cycle fatigue, low cycle
fatigue and irradiation damaged materials, respectively, we observe that
the single damage process (creep alone, low cycle fatigue alone,
irradiation alone) is a hardening process which provokes an increase in
the flow stress at a given strain) and a reduction of ductility with
respect to the as-received material. We observe also that up to large
strain values the strain rate increase causes a flow stress increase at a
given strain in each of the material conditions considered alone. Dynamic
strain ageing serrations are observed along the low strain rate curves of
as-received and damaged materials, while at high strain rate, larger
instabilities of the stress-strain curve of the damaged materials are
present. Furthermore, we observe that the superposition of irradiation and
low cycle fatigue enhances the effect of flow stress increase at a given
strain and that of ductility reduction with respect to the as-received
material, and introduces a trend to strain rate softening.
In an attempt to find a correlation between the mechanical response of the
damaged materials and the amount of damage, two parameters were defined.
One parameter (0.2% yield stress ratio of damaged to as-received material)
measures the increase of flow stress with respect to the as-received
material. The other parameter (fracture strain ratio of damaged to as-
received material) measures the reduction of ductility with respect to the
as-received material. The numerical values of these two parameters show a
correlation which Is worth further verification because its consistency
would permit a simplified implementation of the effects of different
damage processes in the constitutive equations. Nevertheless, a more
complete theoretical modelling of the damaged material properties for
structural calculations must take into account also the instabilities
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which modulate tne averaged mechanical response of the damaged materials
with oscillations of the flow curves. The amplitude, frequency and nature
of these oscillations depend on strain rate, temperature and stress state.
The low strain rate flow curve of the creep-subjected material shows the
serrations of dynamic strain ageing. Some Informations dbouL the nature of
dynamic strain ageing can be deduced by observing the records of the
stress-time and of the temperature increase of the specimen-time which

.1 show osscillations at corresponding times. This fact means that dynamic
strain ageing is a thermally activated phenomenon.
The medium strain rate flow curve of the creep-subjected material is
smooth without oscillations; also the stress-time and the temperature
increase of the specimen-time curves are smooth without oscillations.
The high strain rate flow curve of the creep-subjected material shows an
initial upper and lower yield point followed by large oscillations due to
instabilities. Both the stress-time and the temperature increase-time
curves at high strain rate show also oscillations at the same time. The
oscillations of the high strain rate flow curve are assisted by thermal
activation. The constraint to slip due to the short time and the
consequent dislocation locking are responsible for the remarkably high
strain rate hardening with superimposed large instabilities.
These facts could mean that the straining modes at grain level, developed
during the creep and tensile tests at low strain rate, are of a similar
nature, mainly by micro-flow along grain boundaries, while they develop
new mechanisms at high strain rate, characterized by slip (or twinning)
inside the grains. The same phenomenon is also confirmed by the
experimental evidence that the monotonic tensile curves at low and high
strain rate coincide with the correspondintg flow curves of the
interrupted test performed at the same strain rate. Also the strain rate
softening and the higher ductility reduction at low strain rate, shown by
the pre-fatigued and irradiated material, can be explained as being due to
different mechanisms of deformation at low and high strain rate.
A first attempt to establish an equation, based on atomistic models, able
to predict the onset of serrated yielding, taking into account the strain
and strain rate histories, was made by Eleiche et al. (1987).
Nevertheless, this approach does not take into account the directionality
dependence introduced by the stress state. In fact, recent experiments on
the same AISI 316H tested in tension at 5500C, showed the disappearance of
the dynamic strain ageing instability along the flow curves determined
under torsional stress state. In the same experiments campaign it was
stated that under torsional stress state by increasing the damage through
sequential reverse prestraining, the yield stress decreases and the
residual ductility Increases.. These results in torsion are compared with
those obtained in tension and here reported, from which they differ
substantially.
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A numerical study of dynamic shear failure in reinforced concrete beams

T. Yokoyama and K. Kishida

Dept. of Precision Engineering, Faculty of Engineering
Osaka University, Suits, Osaka 365, Japan

Extended Abstract

The present paper attempts to investigate direct shear failure in the
roof slabs of shallow-buried RC bo-type structures ( Figure 1 ) under
impulsive pressure loading. Since direct shear failure is governed by the
buildup of the transverse shear force at the roof suprort, an elastic
Timoshenko beam model is adopted for the RC roof slab. The finite element
equations of motion for the Timeshenko beam are derived from Hamilton's
principle and solved using a step-by-step integration method.

The finite element procedure was applied to obtain the .ynamic response
of the RC slabs or beams under distributed impulsive pressures. The
experimental data used for the analysis come from a series of the dynamic
tests on the shallow-buried RC box-type structures conducted by Kiger and
Slawson (1984). Each test structure was covered with a shallow layer of
soil and was loaded with a high-explosive induced blast pressure n(t),
which was approximated by a triangular pulse with a zero rise time. The
main characteristics of the example RC beam are summarized in Table 1.
Because of symmetry, only half of the RC beam was considered.

Figures 2(b) and 2(c) show plots of normalized support shear (V/Vu) and
normalized support moment (H/Mu) versus time for two different peak
pressures for the example RC beam with fixed ends. The present results
agree reasonably well with the normal mode s' .utions. It should be
remarked that the curves in Figure 2 are theoretical because, as soon as
either ratio V/Vu or M/Mu exceeds a value of one, the RC beam is presumed
to have reached its strength capacity and is no longer elastic. The time
at which V/Vu - 1 is denoted as ts, and the time at which N/Mu = 1 is
denoted as ti. The occurrence of failure in either direct shear or
flexure depends on whether the failure threshold (V/Vu and M/Mu - 1)
intersects these curves at an early or a later time, respectively.

The transition from a prediced direcL shear failure to no shear failure
occurs when te . tm . If this transition for different combinatfons of
peak pressure P0 and rise time t is plotted in the P -t domain, a
series of points produces a "failure curve." Typical failure curves
determined for two beam-end conditions are given in Figure 3. Points that
lie in the region above a failure curve define a loading condition for
which analysis indicates a direct shear failure, while points that lie in
the region below the failure curve describe loading parameter
combinations which will cause either a flexural failjre or no failure in
the RC beam. Parametric studies demonstrate that the failure curves are
sensitive to loading parameters ( P0 and t ) and structural parameters
R, R and L/d ), but are not significantly affected by load duration td.
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Figure I.: Failure modes of RC box-type structures subjected to transverse,
. uniformly distributed, Impulsiva loads: (a) flexural damage; (b) combined

flexural and shear damage; (c) collapse ýnder direct shear

J,, Table 1: Main characteristics of
example RC beam

Parameter value

b. eam length (L) 1.14 mnBeim width (b) 0.0254 m

Seam de, hi (h~) 0.184 m
K. • .' Effective beam depth (d) 0.162 m

' Young's modulus (E) 33.1 GPa,tr 0 1Poisson's ratio (V) 0 .2

itd 1 eC2,0 ;4Shear coefficient (k') 0.822
Mass density (0) 2,400 kg/mi

-- NO,: Ultimate shear capacity (Vu) 6,140 kgF.0 
_pi: L Ultimate moment capacity (Mu) 370 kg-m

j Strength ennancement factor (C) 1.6

0.0 it 0.2 C. 40.
t,

~~ 0:~

-. I. . ,,- -V /-" - . I , II 1

3.0 d1
/ A.

a. 2.0 -1 it 4L/ L

S,•,• • •,-,.-o FINITE E•I.Ev.!.;T
40.0 0.4 0..0 LI, .LL, 0,1,•• ., (1,4 0,L

i iirots TIM,F ý!.EC) 111"L TIHII t, (I,.1,IC)

Figure 2: Normalized support shear and Figure 3: Effect of beam-end
moment versus time for example RC beam restraint on failure curve

(a) fixed ends; (b) peak pressure PO
- 35 NPa; (c) peak pressure PO a 14 MPa
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Dynamic properties of construction materials using
a large diameter Kolsky bar

D. R. Morris and A. J. Watson

Departmer' rf Civil and Structural Engineering
The University of Sheffield.

ABSTRACT

High strain rate testing at the University of Sheffield's Dynamics Testing
Laboratory, near Buxton, Derbyshire, has been developed using 38mm diameter
maraging steel pressure bars and a small explosive charge to produce the
the stress pulse. The l&rge diameter pressure bars are of particular
intcrest to engineers because they admit the use of thicker discs of
specimen in the test, on the basis of Davies and Hunter's (1963) geometric
criterion.

The diameter of the pressure bar was chocen as 38nm for the purpose of
testing construction materials with particle sizes up to 2mm. The pressure
bars were aligned vertically and supported in a steel frame. The dynamic
strains produced in the input and output pressure bars were measured using
four 1mm electrical resistance strain gauges (ERSG) connected to a
Wheatstone bridge, and the amplified output was captured on a Gould 0a 4050
digital storage oscilloscope (see fig 1) and subsequently transferred to an
Olivetti M24 personal computer.
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fig I Details of the 38mm diameter DTD5212 Kolsky bar &ppa:atus

The recorded stress pulses were corrected for dispersion using an FFT with
Bancrofts data. The correction gave very good agreement with experimental
data.

The rod velocity of specimens was found using dynamic photoelasticity to
observe the progress of a stress pulse through the specimen (See fig 2).
The camera used was the Barr and Stroud CP5 rotating mirior camera, which
can operate at 2,000,000 frames per second.
This method gave a useful visual check on the progress of a stress pulse
through a spicimen but the experiment reqlired a camera setting Rhich gave
an interframe time of 1.9 microseconds. The accuracy of the rod velocity
found using this method was limited by the camera speed.
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fig 2 1 Photoelastic method for finding the tod velocity of specimens

Stress 1 strain in the specimens was found using Lindhom and Yeakleys
method. Initial tests were carried out on Perspex discs, (38mn diamter) of
different height. The yield stress and yield strain for different heights
of Perspex were plotted together, and it can be seen (fig 3) that a marked
change of behaviour of the specimen occurs between the 12.5mm ad 15mm
specimen heights. The critical height of the specimen marks the transition
between two modes of specimen behaviour as a resalt of the influence of
boundary conditions. The smaller specimens failed at greater stress and
strain values, because the friction coefficient of the Perspex cylinder
ends was more significant than radial inertia. Using the correct height of
specimen (14.5mm) the error due to friction was of the order of +5Z yield
stress. As the height of the specimen was increased beyond 14.5Dm, the
inertia term due to radial strain acceleration for the specimen increased,
reducing yield stress
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fig 3 : Yield stress and yield strain calculated from Kolsky
bar data for specimene of different height.

A number of construction materials were tested in the Kolsky Bar, and twosets of results are presented in the paper : a high quality brick pavior,
and sandicement mortar.
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ULTIMATE STRENGTH OF BOX COLUMNS
SUBJECTED TO IMPACT LOADING
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on Mechanical Properties of Materials at High Rates of Strain,
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by
Tomasx WIerzbickI

Department of Ocean Engineering
Massachusetts Institute of Technology

Cambridge, MA 02139
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Leonhard Recke
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Abstract

Buckling of plates and shells under dynamic loading have been studied in the literature

for several decades. A comprehensive literature review on this subject was published,

among others by Singer (1981), Lindberg and Florence (1986) and Jones (1989). It was

found that the dynamic buckling load increases with the rate of loading and is always

greater than the corresponding static buckling load. In the case of plates subjected to a

mass impact the rise in the plate stiffness was found to be attributed to the transverse

inertia of the plate.

A related problem of the ultimate strength of plates under longitudinal impact does rot

appear to have been studied in thi; literature. It is expected though that the trend will

be similar to the case of a buckling load. The problem of the determination of the

maximum strength of compression members under impact loading is of great

importance in many industrial applications, most notably in the impact energy

absorption and collision protection of vehicles. For example, thin-welled box columns

loaded statically exhibits a sharp peak load followed by subsequent lower peaks

corresponding to folding and crushing of the column's walls. The magnitude of the
peak load (often referred in the literature as ultimate or crippling load) depends on the

ciross-sectional dimensions of the column, elastic constants and the yield stress of the
material. The peak load of the same column loaded dynamically is larger.

The objective of this communication is to present a simplified method of predicting the

ultimate strength of prismatic multi-cornered columns subjected to impact loading. The
impact velocities considered in this paper are relatively low and correspond to typical

collision velocities of automobiles and airplanes. The impacting mass is assumed to be

larger than the total mass of the column.

The analysis consists of two parts. First, a new two-degree-of-freedom deformation

model of a single corner element of the multi-cornered column is developed and the



post-buckling stiffness and ultimate load is evaluated. This is derived in a closed form

from the first yield criterioin. The calculated strength of a perfect plate agrees within

15 % with the exact solution (Rhodes 1985). The accuracy is further increased by

taking into account the effect of initial imperfections.

In the second part of the analysis, the lateral inertia of the column walls is incorporated
into the governing equation. The axial inertia is neglected for the considered class of

problems (large mass, low velocity). The formulation is based on the concept of the

growth of initial imperfection with time. The resulting initial value problem for a

system of ordinary differential equations is solved numerically. It is shown that the
dynamic uhimate strength depends on the magnitude of the striking mass as well as on
the impact velocity. A correlation of the predicted strain-time diagrams are made with

the test results reported by Singer (1981).

The present results wil! help interpret the drop tower test on box columns performed in
many laboratories around the world. In this type of experiment, the force-time history

at the mass/column interface is determined from the reading of the accelerometers. The
readings are usuplly affected by the inaccuracies in differenciating the displacements to

get accelerations and by the superposed elastic vibrations of the system. Therefore, the

experimentally determined peak load is not uniquelly defined and/or is affected by the
filtering frequency. Our analysis provide a much needed insight into the physics of the

impact problem.

At the present stage we have studied the inertia effect only. The peak load is also
influenced by the strain rate effect and the delayed yield phenomenon (Campbell

1957). Consideration of the above factors is left to a future continuation of this

r:search.
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AISSMACT

A rv eqeriamatal tfeclity to described. "nis comprises a two stage
l4ht ges gun end associated diagnostics which will. be used to carry out
impact mperi•ants and maesure high strain rate properties of materials.
The S" gun launch tube has an 8mm bore, fi ring into an evacuated
experimental chamber and, to date, the maximua recorded velocity is 3.2
ks/a using a one gram projectile. Diagnostic equipment includes high
speed photogsaphy, impact pressure measurement with piezoolectric gatges
connected to a ftat digitixer and projectile velocity r.dsuresezt.

Areas of reuomwch include debris distribution and fragmentation of
targets and proJect.les, accurAcy and applicability of existing high
strain rate data and micreetructural effects in dynamic fracture. A
schoeutic 2f the gun is shvwn below.
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ABSTRACT

Hydraulic Shock-Structure Interaction

by

G.A.O. Davies, J.M.R. Graham, R. Hillier and 0. Hitchings

This paper addresses the problem of constructing a numerical model
of the entire hydraulic shocK and damage sequence of events. This

embraces the penetration of a supersonic missile fragment into a thin-
walled structure, followed by the deceleration of the projectile in the

fluid. The cavitation is modelled and the consequent pressure rise due
to fluid compression. The constitutive law is discussed. Finally the

fluid pressure is applied to the structure (or a pressure alleviation
device) and the consequent response modelled.

The numerical and financial consequences of modelling an entire

- three-dimensional wing-box are stated, together with a cheaper alternative.
Finally the sparsity of data is outlined for representing the

composite matrix toughness and its dependence on strain rate. The

evidence indicates a rapid deterioration in resistance to interlaminar

shear failure with strain rates in excess of 100 per second.
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AN ANALYTICAL MODEL TO DESIGN COMPOSITE MATERIAL ARMOURS

B. Parga Landa

E.T.S.Arquitertura. Universidad Politdcnica de Madrid. Ciudad Universitaria s/n 28040
MADRID (SPAIN)

ABSTRACT: This paper presents a simple analytical model for prelicting the impact
behaviour of Composite Material armours. It can be used to calculate tae armour ballisic
curve and other data up to the time of penetration, the total force retarding the projectile,
the tension in each layer, the displacements and velocities of the plate and projectile, the
strain rate rupported by each layer, and the utresses and strains in the plate.

1. TECHNIQUE

1.1 Behaviour of single yams under transverse impact

The problem considered is as follows: a rigid projectile of mass m and velocity v impacts a
plate of lengh L, width W and thickness H and made of n layers of fabric.

The stress analysis is based or, the general assumption that the fibre behaviour is linear elastic

up to the fracture (Harding, 1987).

When the projectile reaches the n+l layer the eqAation system is (Parga,J3., 1988):

Vn = vn-I - an(tn - tn- 1)

a 2= Ti (n1+1)h

anicc (n t4n i
2 Sc( -t)E [( (n-i+1),h -2 •( (n-i4-l)h)34 .•Ti = - (tn'tn.1-2ti-l)E -C-T;tn-tn1)/ -+)

h = Vn.1 (tn - tn..) - fan ( tn-.)2

which is a systcra of n+3 equations and n+3 unknowns: vn, an,tv, and Ti, i 1,..,n

The fracture criterion adopted has been that of maximum strain.

In the case of Composite Material armours it is assumed that as soon as the projectile strikes
the imprtgnated yarn, fibre debonding is produced. So two deformation waves will propagate
one through the yarn and the other through the resin. When yarns are impregnated with a
matrix content below the critical content, the resultant wave speed proposed is:

S! 4
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c Cm + z~rnV+K

where: Vf I-K, cm is the mn'trix wave velocity, ef is the fibre wave velocity, K is 'he critical
resin content per utit, Vf is dte fibre volume fraction per unit.
1.2 Behaviour of fabrics under transverse impact

If the only m=.harism cpersting between the primarn mad the secondary yarns is friction, the

relation between the primary ycm tension supporing thu projectile T1 and the tension T

supported by the same yarn after n secondary yarns am passd is- T - T1 e'LOn whure4g is
the friction coefficient between primary and secondary yams, (0 is the coutact angle between
primary and secondary yams, n is the number of ,secondary yarns considered. This fact
modificates the total area affected by the impact.

7. RESULTS 4

To take experimmnta scatter into account in determining the dynamic modulus, simulations
were performed using tw, different values. Ballisdc limit curves were obtained, looking for
the lowest velocity that perforates an armour plate for a given surface density. Then the surface
density of the armour was increased by half a unit and the process repeated.

erre
- a$,.. *1* * * r

- m a. OWN

I Fig. Ballistic curves vs- surface density for a Kevlar 29 soft armour plate when impacted by
a 9mm Parabellum projectile. Triangles are the experimental values of V50 (Duptnt 1983b).

3. CONCLUSIONS

1. The imrpct behaviour of soft armour plates is simulated by a unidimensional model

2. The model permits the simulation of the penetration process into Composite Materials with
much shorter computer times than with conventional impact codes.

3. Predicted ballistic curves match experimental values fairly well.
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Response to impact of layered structures

Y. Xia

i C. Ruiz

University of Oxford
Department of Engineering Science

Parks Road

Oxford OXi 3PJ

Structures consisting of two or more layers joined by rivets or
adhesively bonded are common in aeroengines and airframes. Under normal
service conditions the shear stresses between adjoining layers are usually
considerably lover than the tensile or compressive stresses carried by the
layers themselves and the only mode of failure that needs to be considered
by designers is the one associated with direct szresses. Impact loading un
the other hand is capable of inducing relatively high shear stresses that
may cause the layers to separate with a consequent reduction of residual
strength after the impact. In this report, the problem is illustrated by
means of dynamic photoelasticity, using a tuo-layer contilever beam that is

t analysed by solving the stress wave equations directly and by the ABAOUS
computer code. It is shown that the ratio of shear stress to tensile stress
can be about four times higher under dynamic conditions than under static
conditions. Frictional effects are also shown to be important in
dissipating some of the kinetic energy of the impactor. The effects of
these findings on the design of dual layered shields are finally discussed.

I I:
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UPPER-6HBLF DYNAMIC FRACTURE TOUGHNES OF HIGH-TOUGHKEUS

MATERIALS USING SMALL SPECIMENS

IH COUQUE, RJ. DEXTER, S.J. HUDAK, Jr. and U.S. LINDHOLM

Division of Engineering and Materials Sciences,
Southwest Research Instt'ute,
6220 Culebra, P.O. Drawer 28510, San Antonio, TX 78284

Abstmet - An experimental method involving coupled pressure bars (CPBs) [1],
preloaded in tension, has been used to measure dynamic fracture initiation,

propagation and errest properties of A533B pressure vessel steel at temperatures up to
500C (77 0 C above the Nil Ductility Temperature). Two compact specimens are

simultaneously loaded by releasing the energy stored in the pressure bars by the
controlled fracture of a brittle notched specimen. Loading characteristics and crack

opening displacements are deduced by analyzing strain histories measured on one

pressure bar, as well as by using eddy current displacement transducers. The dynamic
crack initiation event is characterized by a stress intensity rate (ki) of 3 x 106

MPa ,An s- 1. The crack then rapidly propagates under a constant crack opening
displacement rate inducing crack velocities ranging from 200 to 600 m/s. A precise

analysis of the experiment has been performed using a dynamic viscoplastic finite
element computer program. The resolution of the procedure has been investigated by
obtaining replicate measurements of three quantities versus time-specifically, crack

opening displacement, at two locations, and crack growth. The well-defined

displacement boundary conditions in the experiment, along with the analysis
procedure, enable accurate evaluation of dynamic crack initiation and propagation

toughness of high toughness material using small specimens.

[1] H. COUQUE, S.J. HUDAK, JR. and U.S. LINDHOLM, J. Phys., Colloque C3, Sup.

n09, T49, C3-347, 1988.
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THERMAL EFFECTS IN ADIABATIC SHEAR BAND LOCALIZATION FAILURE

Piotr PERZYNA

institute of Fundamental Technologioal Research
Polish Academy of Soienoss, Warsaw,Poland

Abstract. The paper aims at the description of the influence of

thermal effects on shear band localization failure.

In technological dynamical processes failure can axise as a

result of an adiabatic shear band localization genorally attributed

to a plastic instability g*nerated by thermal softening during

plastic deformations. Recent experimental observations lof.

H.HoGrebe, H.-R.Pak and M.A.Meyers, Metall.Trans., 16A,761-775,

1985; K.A.Hartley, J.Duffy and R.H.Hawley, J.Hech.Phys.Solids,
11, 283-:O1,1987/ have shown that the shear band procreates in a

region of a body deformed where the resistance to plastic de-

formation is lower and the proeisposition for band formation is

higher. Shear bands nucleate due to the presence of a local

inhomogeneity or defects causing enhanced local deformation and

local heating. The shear band once prooreated behaves differently

than matrix global body.

* Basi=g on available experimental observation results an analysis
of important phenomena for proper description of the final failure
during dynamic deformation processes have been investigated. It

has been found that such phenomena as the inelastic flow process,
the instability of flow process along localized shear bands,

the mioro-damage process which consists of the nuoleation,growth

and coalescence of microoracks and the final mechanism of failure

are very much influence by thermal effects.
This conclusion suggests to consider thermomeohaanical coupling

and to treat the dynamic deformation process as adiabatic.

It has been postulated that the response of a mate:-ial within

shear band region is different than in adjacent zones. Within shear

band region the deformation process is characterized by very

large strain rates and very serious temperature changes.

During the first stage of the flow process a thermo-elastio-

plastic model of a material with internal mioro-damage effects

is applied. A criterion for localization of the plastic defer-



mation within shear bands is examined. Particular attention is

fooussed on the investigation of thermal effects and induced

anisotropy on looalimation phenomenon.
Postaritioal behaviou~r within shear" bands is modelled by a

thero-o-lastle-visooplastio response of a material with advanced

mioro-damaugo process.

Both models are developed within the framework of thermodynamio

theory of the rate type with Internal state variables. The main

.role in these models is played by a set of the internal state

variable** This set cosiats of the isotropio hardening-softening

parameter Y, , the residual stress tensor a. and the porosity •

A set of the evolution equations proposed for the shear band

region is temperature and rate dependent.

Both models introduced are consistent with the requirement

that the thermo-elastic-plastlo response of a porous solid oan be

obtained as a limit case for quasi-static processes of the thermo-

-elastio-visooplastio behaviour.

The dynamio failure criterion within shear bands is proposed.

The anisotropic softening of the material implied by thermal

effects and the micro-damage process is described. A simple micro-

mechanical model of final failure with influence of thermal and

anisotropic effects is proposed. Discussion of the mechanical

results is given.

L.4
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EXPERIMENTAL AND NUMERICAL STUDIES OF THE BEHAVIOUR

AND THE RUPTURE OF 35 NCD 16 STEEL UNDER
DYNAMIC LOADING

Ph. BENSUSSAN, L. PENAZZI

Etablissement Technique Central de l'Armement
16 bis avenue Prieur de la Cute d'Or

94114 ARCUEIL Cadex ;.-RANCE

The plastic constitutive and damage laws, as well as the fracture toughness of a 35
NCOl6steel (0,378C- 0.39St- 0.16Mn- 0.0035- 0.008 P - 4 11 N i - 1.82 Cr
- 0.44 Mo - In W%) heat treated to 3 different yield strength to ductility ratios, hove
been studied under tensile dynamic loading . Tests have been performed on a dynamic
tensile apparatus, the principle of which is based on that of split Hopkinson bars. Smooth,
notched and fatigue precracked axlsymmetrical specimen have been used. Both the load at
the specimen ends and the notch opening displacement or the soecimen elongtion have been
experimentally recorded.

Dynamic elasto-plestic finite element analyses of the specimens have been
performed . It is shown how the plastic constitutive laws have been determined by
comparing finite element simulations and experimental results, in spite of stress and
strain gradients that occur in smooth bars under dynamic loading, The result,) are
compared to those obtained under dynamic compression and under static sollicitatlor both
in tension and compression.

The stress and strain distribution in the round notched bars under dynamic iow'ng
have been obtained by finite element calculations as a function of time for 3 notch
geometries leading to different stress triaxility ratio distributions. From these numerical
results 6nd experimental results, multiaxial damage laws similar to Rice and Tracey's
ductile growth of voids model, have been shown to applicable. Rupture criteria, based on
critical void growths, have also been determined. Differences between experimental and
predicted load3 and mean diametrical strains at rupture have been interpreted in terms of
the existence of a critical threshold plastic strain for void initiation wich has not been
taken into account in thie model.

The experimental procedures followed to determine the fracture toughness from
tests performed on axisymmetrically cracked specimens have been justified on the basis of
the finite element simulations. Experimental and calculated variations with time of the
load In the reduced section and the crack mouth opening displacement have been shown to
be in good agreement . Fracture toughness have been found to be well predicted by
integrating the damage low Identified on notched bars, and by assuming that cracks Initiate
as soon as the ruoture criterion Is reached over a critical microstructural distance from
the crack tip. The model can explain the increase of fracture toughness with loading rate
in 35 NCD 16 steel for which dn increase of the flow stress with strain rate is observed,
and for which dynamic rupture appears to proceed by ductile void growth mechanisms and
not by cleavage.
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DYNAMIC UNIAXAIW.L CRUSJ9NG AND. PENTR•LILQI_ WOOD

S R Reid, C Peng and T Y Reddy

Department of Mechanical Engineering, UMIST, Manchester M60 IQD.

In recent years considerable attetion has been focussed on to the
behaviour of cellular materials. Materilal with t. regular hoiaci'omb
structure have been studied under conditions of transverst, loading (e.g.
Klintworth and Stronge (1988) and Gibson et al (1982)) and various features
of their modes of deformation have been discussed in detail. In particular
the tendency of such materials to fail locally at well defined stress levels
has been identified as a major characteristic. Similar behaviour is to be
found in many other man-made (e.g. polymeric foams) and naturally
occurring (e.g. wood) cellular materials. When cylindrical specimens of
cellular materials are crushed, the deformation results from the growth of
these localized failure zones, the deformation taking place at a constant or
gradually increasing stress (the crushing stress). For a constrained or
low density material, this continues until the length of the specimen has
been engulfed by the diformation fronts at which point rapid hardening
occurs as the crushed cilis are themselves compressed in a consolidation
phase. For an unconstrained higher density specimen the deformation
ceases when the specimen fractures. Fig. 1 shows typical load-deformation
behaviour for samples of Yellow Pine and Oak tested parallel to the grain
and perpendicular to it.

The characteristic shape of the Land KN
load/displacement (stress/mean strain) 290 ,J
curves makes cellular materials
attractive as potential materialsfor use in impact energy absorption. iSO -- -

This has been discussed by Gibson
and Ashby (1988) in their interestingSnew text on the topic of cellular K•-

materials. Wood has traditionally rna /
been used for energy absorption

and containment and applications Ttt..
can be found ranging from old wooden - A.CakS~~~warships (Johnson 1986a, b) to present __ -__--._'_, _

day designs for nuclear transport 0 .iJ
flasks. The use of wood in such 3 4 5 6799 to 1 1 13 •4

dynamic loading applications and DI spl rement mm
more especially the need to model
impact events involving wood
presupposes a quantitative understanding Fig.1 Quasi-static load-deflection
of the response of wood under high rate curves for cylindrical wood specimens
loading conditions. To the author's 45 mm dia. x 18 mm thick.
knowledge no systematic examination of
the dynamic behaviour of wood has appeared
in the literature.

A sample of the data for two woods, Yellow Pine and American Oak,
produced in an extensive set of impact (Peng 1987) and penetration tests
will be presented. The first set of tests involves an apparatus in which
cylindrical specimens of wood were attached to an aluminium backing disc
and push rod and fired from a cartridge gun against the end of a load cell

~ ~-- -C!



at velocities of around 100 ms-. The behaviours of specimens loaded
parallel to the grain and across the grain were investigated. The
deformation of soate of the specimens was filmed and the initial localised
nature of the deformation observed. The impact loads were measured using
a long, strain-gauged load celi which measures force pulaos in the same
way as in a Hopkinson bar apparatus. Enhancement of the initial crush
stress by factors of up to 2.5 for loading parallel to the grain and 5.0 for
loading across the grain were observed.

The penetration of flat ended
cylindrical projectiles fired normally (a)
Into a block of wood produces distinctive
deformation patterns which depend I.
primarily on the orientation of the grain.
The extremes are sketched in Fig. 2.
This shows a localized, heavily crushed plug .k_

plug beneath the indenter when the grain
is parallel to the direction of
penetration and a more extensive I
frustum-shaped ,=vity behind a region in Lii
which the fibres have been crushed I .
transversely and bent when the loading (b)
is across the grain. As well as describing I ,
the change in the nature of deformed
region as the impact velocity Is increased,
penetration force traces are presented- :-
which were acquired by installing an cavity .
accelerometer in the cylindrical
projectile. At impact velocities of
approximately 50 m/s the initial
penetration stress increases by a / - -•
factor of four or more compared with -
the quasi-static value for a short 7-L-- :..._
period following contact before falling
to a lower plateau which is about twice
the quasi-static penetration force. I j |J

In both types of test the localised - 1(11
nature of the deformation process isevident and will be discussed. Fig.2 Deformation modes for, Yellow

Pine following cylindrical penetration
(a) along the grains (b) perpendicular

feferences to the gra.ins.

Gibson, L.J. and Ashby, M.F., 1988, Cellular Solids (Pergamon).

Gibson, L.J., Ashby, M.F., Schajer, G.S. and Robertson,C.1., 1982,
Proc.Roy.£oc. London,A382, 26.

Johnson, W., 1986a, Int.J.rmpact En"g. 4, 161.

Johnson, W., 1986b, Int.J.Impact Rngg. 4, 175.

Klintworth, J.W. and Stronge, W.J.,1988, Int.J.Mech.Sci., 30, 273.

Peng, C., 1987, Crushing of Wood under Static and Impact Conditions, MSc
thesis, UMIST.



QUASI-STATIC VERSUS DYNAMIC FRACTURE PROPERTIES

OF CERAMIC FIBER REINFORCED MATERIALS

J. LANKFORD and H. COUQUE

Division of Engineering and Materials Sciences,
Southwest Research Institute,
6220 Culebra, P.O Drawer 28510, San Antonio, TX 78284

Abstraet - A major advance In the toughening of ceramics has been achieved by means

of ceramic fiber reinforcement. The principal mechanism by which benefit is realized

is through pullout of fibers, whose frictional resistance creates sufficient crack

closure to significantly raise the fracture toughness. However, all studies to date

have involved relatively slow rates of loading; there Is some question as to whether

this mechanism w'll obtain at rapiti, or impact, loading rates. This paper reports on

the results of tests aimed at evaluating the dynamic versus static fracture behavior of

SiC-fiber reinforced glass-ceramic composite.

The dynamic fracture tests have been performed using an adaptation to bi.Ittle

materiels of a recently developed dynamic fracture experiment [1]. Hopkinson

pressure bars preloaded in tension are utilized to load simultaneously two compact

type specimens with notch of different radius. The experiment is characterized by

well-defined specimen boundary loading conditions, and by stress intensity rates 91)

on the order of 106 MPe/m s-I. Crack velocities are measured by using a crack gage

technique.

Static fracture stresses are compared with the stresses required for dynamic crack

initiation, aad results are interpreted in terms of fracture mode. It will be shown that

even under dynamic loading conditions, the influence of the weak axially-oriented

fiber-matrix interfaces manifest themselves in the fracture path. Furthermore, the

observed multiple fracture locations appear to be related to the loading mode involved

in the compact type specimen geometry.

[1] H. COUQUE, S.J. HUDAK, J)R. and U.S. LINDHOLM, J. Phys., Colloque C3, Sup.

no9, T49, C3-347, 1988.
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